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ABSTRACT 
Some of the metallogenic provinces of the southwestern United 
States and northern Mexico are defined by the geographic distribution 
of trace elements in the primary sulfide minerals chnlcopyrite and 
sphalerite. The elements investigated include antiK~onyI arsenic, 
bismuth, cadmium, cobalt, gallium, germanium, indium, manganese, 
molybdenum, nickel, silver, tellurium, thallium, and tin. Of these 
elements, cobalt, gallium, germanium, indium, nickel, silver, and tin 
exhibit the best defined geographic distribution. 
The data indicate that chalcopyrite is the preferred host for tin 
and perhaps molybdenum; sphalerite is the preferred host for cadmium, 
gallium, gennanium, indium, and manganese; galena is the preferred host 
for antimony, bismuth, silver, tellurium, and thallium; and py-..rite is 
the preferred host for cobalt, nickel, and perhaps arsenic. With respect 
to the two minerals chalcopyrite and sphalerite, antimony, arsenic, 
molybdenum, nickel, silver, and tin prefer chalcopyrite; and bismuth, 
cadmium, cobalt, gallium, germanium, indium, manganese, and thallium 
prefer sphalerite. This distribution probably is the result of the inter-
action of several factors, among which are these:· the various radii of 
the elements, the association due to chemical similarities of the major 
and trace elements, and the degree of ionic versus covalent and metallic 
character of the metal-sulfur bonds in chalcopyrite and sphalerite. The 
type of deposit, according to a temperature classification, appears to 
be of minor importance in determining the trace element content of 
chalcopyrite and sphalerite. 
A prelimine.ry investigation of large single crystals of sphalerite 
and chalcopyrite indicates that the distribution within a single crystal 
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of some elements such as cadmium in sphalerite and indium and silver in 
chalcopyrite is relatively uniform, whereas the distribution of some 
other elements such as cobalt and manganese in sphalerite is somewhat 
less uniform and the distribution of tin in sphalerite is extremely 
erratic. The variations in trace element content probably are due 
largely to variations in the composition of the fluids during the growth 
of the crystals, but the erratic behavior of tin in sphalerite perhaps is 
related to the presence of numerous cavities and inclusions in the crystal 
studied. 
Maps of the geographic distribution of trace elements in chalcopyrite 
and sphalerite exhibit three main belts of greater than average trace 
element content, which are called the Eastern, Central, and Western belts. 
These belts are consistent in trend and posi tion with a beltl ike distribu-
tion of copper, gold, lead, zinc, silver, and tungsten deposits and with 
most of the major tectonic features. However, there appear to be no 
definite time relationships, for as many as four metallogenic epochs, 
from Precambrian to late Tertiary, are represented by ore deposits within 
the Central belt. 
The evidence suggests that the beltlike features have a deep seated 
origin, perhaps in the sub-crust or outer parts of the mantle, and that 
the deposits within each belt might be genet icall3 related through a 
b.eltlike compositional heterogeneity in the source regions of the ores. 
Hence, the belts are regarded as metallogenic provinces. 
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INTRODUCTION 
The concept of .metallogenic provinces appears to have 
been first expressed by De Launay and Urbain (1910), and it 
was later developed by De Launay (1913). De Launay used the 
term to designate certain geographic areas which are metallif-
. erous, but which also are characterized by specific combina-
tions of metallogenic epochs and of presumably related tectonic 
conditions. In other words, certain metallized regions of the 
earth can be distinguished from others by unique combinations 
of metallogenic epochs and of tectonic and erosional conditions. 
The provinces thus defined tend to be large, commonly of 
continental dimensions, and hence tend to include many ore 
deposits that are only superficially r~latedK Consequently, 
De Launay 1 s concept of metallogenic provinces is of limited 
value in the study of actual genetic relationships. 
As early as 1902, Spurr (1902, p.336) proposed the term 
metalliferous provinces to describe those regions that are 
" ••• characterized by special combinations or amounts of the 
rarer, especially the commercially valuable, metals ••• ". 
Spurr (1905) later changed the term to metallographic province 
in order to conform to the generally accepted usage of the 
terms petrographic province a~d physiographic province. Spurr 
appears to have had specific areas in mind when he proposed 
these terms, particularly the so-called Arizona copper 
province. However, within this province he recognized four 
distinct metallogenic epochs, the oldest pre-Cambrian and the 
youngest late Tertiary, each of which is characterized by ore 
deposits abnormally rich in copper. 
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There is, therefore, a fundamental difference between 
De Launay's concept of a metallogenic province and Spurr's 
concept of a metallographic province. The metallogenic 
province includes, as one of its more important element~I a 
time dependence factor, the metallogenic epoch, whereas the 
.metallographic province involves only concentration phenomena, 
and apparently is independent of time, at least as far back as 
the geologic record is accurately decipherable. 
Lindgren (1933) apparently either did not recognize the 
difference in these concepts or did not accept Spurr's concept, 
for on page 878 he states: 
"over larger or smaller areas the conditions may 
at a given time be favorable for the deposition of 
useful minerals. Such areas are called minerogenetic 
or metallogenetic provinces." 
Lindgren's conception of metallogenic (metallogenetio) 
provinces, therefore, appears to have been similar to 
De Launay's, but somewhat more vague. In fact, it is of little 
practical value. 
Bateman (1950) more recently has recognized the differ-
ences between the two concepts and the confusion that has 
existed in the use of the terms, and has completely separated 
the metallogenic epochs (periods of widespread deposition of 
metals separated by long periods of non-deposition) from the 
metallogenetic provinces (reg ions characterized by relatively 
abundant mineralization that is dominantly of one type). 
However, in doing this, he has applied De Launay's term 
metallogenetic province to the concept for which Spurr used the 
term metallographic province. Although Bateman's d1scuss1on 
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has not aided in the clarification of the terminology, it has 
served to put these two independent concepts into their proper 
perspectives. 
On the other hand, there are certain objections to the use 
of the term metallogenic (metallogenetic) to describe features 
for which there is yet little evidence of genetic relation-
ship. Therefore, what Bateman calls metallogenetic provinces 
perhaps should be more aptly called metallographic provinces, 
as originally proposed by Spurr. The term metallogenic 
province then could be defined as a region of the earth which 
is characterized by greater than average concentrations of 
a particular metal or group of metals, and in which the metal-
liferous deposits are genetically related. The requirement of 
a genetic relationship is important, for without it the terms 
metallogenic and metallographic become synonymous. 
Although there are numerous discussions in the literature 
concerning metallogenic or metallogenetic provinces, in terms 
of groups of ore deposits or mining districts that possess 
some genetic feature in common, very few of them have resulted 
in concrete expressions, such as maps of the provinces. Spurr 
(1923) was one of the first to attempt such an expression in 
the publication of maps (pp. 459-462) that show "The Great 
Silver Channeln. He concluded that all the silver deposits .' 
along the 11 channel 11 have a common genetic element; namely, 
an underlying source which possesses a compositional hetero-
geneity with a configuration that corresponds to the config-
uration of the "channel". About 10 years later, Butler (1933, 
p. 233) published a map which indicates that the important 
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mining districts of the western United States tend to be 
concentrated around the margins of the Colorado and Columbia 
plateaus. This distribution had previously prompted Butler 
(1930) to suggest a possible genetic relationship between the 
ore deposits and these "positive" tectonic elements. More 
recently Billingsley and Locke (1941, p. 52) have published 
a map of the orogenic belts of the United States (reproduced 
in part as plate 20 of this paper), and have attempted to show 
that the more important ore deposits tend to cluster around 
intersections of these orogenic belts (the "crossroads") and 
other tectonic features that extend to great depths. If this 
relationship were true, perhaps each of these clusters could 
be considered as a metallogenic province, in the present sense 
of the term, inasmuch as all of the deposits in a cluster 
presumably would be genetically related through the structural 
feature that was responsible for the cluster. 
Kerr ( 1946) has outlined three "tungsten arcs'' in the 
western United States, based on the geographic distribution of 
tungsten deposits. Furthermore, he finds certain features in 
the deposits of one 11arcn which in general serve to distin-
guish these deposits from those in the other "arcs". Hence, 
there is a suggestion of a genetic relationship among the 
various deposits within each "arc". 
The foregoing summary of ideas concerning metallographic 
and metallogenic provinces is not intended as a comprehensive 
survey of the literature on the subject, but as an illustra-
tion of the fact that although the basic concepts have been 
in existence for nearly half a century, our knowledge of 
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metallogenic provinces amounts to little more than specula-
tion. This is somewhat surprising in view of the importance 
of such knowledge in the exploration for new ore deposits and 
in the attack on problems of ore genesis. 
The present investigations were undertaken to obtain 
factual information that perhaps would shed some light on 
these general problems. Specifically, they have been aimed 
at two questions. First, do metallogenic provinces exist? 
Second, if they do exist, what is their general appearance? 
These problems are approached through a detailed study 
of the distribution of some of the sulfophile trace elements 
in certain primary sulfide ore minerals, chiefly because of 
the following considerations. First, in order for two or more 
ore deposits to be genetically related, their ores either must 
have come from common or related sources or must have arisen 
through the same causal processes. If they have come from 
common or related sources, about the only property of the ores 
that could reflect their common heritage would be certain 
compositional characteristics. Consequently, a study of the 
compositional variations in the primary sulfide ores of a 
region might reveal which of the deposits could be genetically 
related, although these variations must be consistent to be of 
genetic significance. The demonstration of a consistent 
regional difference in the content of one metal, particularly 
if it is one of the major metals such as copper, is not 
sufficient for the establishment of a metallogenic province, 
for it is readily conceivable that two unrelated sources 
might be rich in the same metal. But if a group of major and 
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minor sulfophile elements exhibits a consistent regional dis-
tribution, a genetic relationship is more firmly indicated. 
Another factor that prompted the choice of the trace 
element approach is the recording by earlier workers, espe-
cially Stoiber (1940} and Warren and Thompson (1945), of 
large regional differences in the content of certain trace 
elements in sphalerite, which they related to the metallogenic 
provinces in which the sphalerite occurs. These findings were 
influential in the undertaking of the present study, the 
immediate objective of which is to determine whether there are 
significant regional differences in the trace element content 
of certain primary sulfide minerals. 
Chalcopyrite was selected for the initial study mainly 
because one of the most obvious metallographic provinces in 
North America is the Arizona copper province, and a compara-
tive study of the principal primary ore mineral of copper, 
chalcopyrite, in this and the surrounding regions was believed 
most likely to reveal an associated rnetallogenic province, if 
such exists. Other factors that were influential in the 
selection of chalcopyrite are: (1) its fairly widespread 
occurrence, (2) its nearly universal occurrence as a hypogene 
mineral, and (3) its common occurrence in fairly coarse grained 
crystalline masses that are relatively free of intergrowths 
with other minerals. The main disadvantage in its use is its 
high iron content, which has necessitated the development of 
special spectrographic techniques in order to obtain the 
desired sensitivities with very small samples. 
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Sphaleri te eventually was included in the study with the 
hope that its trace element content would be sufficiently 
similar to that of chalcopyrite to permit i ts use in some 
areas where chalcopyrite is unavailable. Despite the fact 
that definite relationships ex ist between the two minerals 
with respect to trace element distributions, the relation ships 
unfortunately are not precise enough to permit prediction of 
the amounts of trace elements contained in chalcopyrite from 
a knowledge of their content in sphalerite. Therefore, 
sphalerite was investigated with the same objectives in mi nd 
as for chalcopyr1te, but as an independent system. 
The principal factor in the choice of sphalerite is the 
fact that considerable spectrochemical work has been done on 
it by several workers, and some of the results indicate a 
''provincial" dependence of its trace element content. Other 
influential factors include the three enumerated above for 
chalcopyrite, and the fact that sphalerite commonly contains 
a large variety of "impurity" elements. Disadvantages to the 
use of sphalerite include: (1) its highly variable iron 
content, (2) its tendency to contain abundant cavities and 
inclusions, and, apparently related to this, (3) an erratic 
behavior of certain trace elements. 
The general abundance and widespread occurrence of pyrite 
are important factors in favor of its use in s t udies such as 
this, but the common occurrence of more than one generation 
of pyrite in many ore deposits, together with the technical 
difficulties attending its very high iron content, originally 
were regarded as serious objections to its use . However, a 
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reoonna i ssance investigation of ten samples of pyrite, after 
the technical difficulties were solved in the development of 
the analytical method for chalcopyrite, indicate that pyrite 
is very suitable for the purposes at hand. Actually, it may 
prove to be more suitable than sphalerite. 
An examination of 15 samples of galena indicates that this 
mineral also is an indicator of the geographic distribution of 
trace elements in the sulfides. The chief value of galena, 
however, lies in an assemblage of trace elements that is 
different from those in the other common sulfides. The prin-
cipal disadvantage to its use, as with sphalerite, is an 
erratic behavior of some of the elements. 
In order for the results of a study of the trace element 
distribution in sulfides to have &enetic significance, the 
assemblage of elements investigated must include the so-called 
sulfophile or chalcophile elements. That is, the elements 
investigated must have accompanied the metal sulfide-bearing 
solutions from their sources, and must not have been intro-
duced in appreciable quantities from extraneous sources such 
as the wall rocks. The elements that in general satisfy this 
requirement are antimony, arsenic, bismuth, cadmium, cobalt, 
copper, gallium, germanium, gold, indium, iron, lead, mercury, 
molybdenum, nickel, selenium, silver, sulfur, tellurium, tin, 
and zinc. Of these, copper, iron, lead, sulfur, and zinc are 
major constituents of the ores and therefore are generally 
unsuitable. Furthermore, the poor spectrographic sensitivi-
ties do not allow accurate evaluations of the distributions 
of antimony, arsenic, gold, mercury, selenium, and tellurium. 
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The enlargement of the area included in the present 
studies has been mainly in the directions indicated by the 
results of the preliminary investigations on the Arizona 
copper province. The area now includes parts of Arizona, 
California, Colorado, Nevada, New Mexico, Utah, and northern 
Mexico. The coverage is by no means complete, and in some of 
these places, especially in Colorado, it is insufficient as 
a basis for definite conclusions. 
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SAMPLING METHODS 
It was necessary at the outset of these investigations 
to determine the variations in the trace element content of 
chalcopyrite within an ore deposit, within a mining district, 
and between mining districts. To this end, samples were 
.collected personally from several of the large copper mines 
of the Southwest. A special effort was made in doing this to 
obtain clean fresh material from as widely separated parts of 
the deposits as possible. 
When favorable results were obtained from a preliminary 
investigation of this material, the problem arose of obtaining 
the maximum geographic coverage of samples in the time 
available. A majority of the mines and prospects that have 
yielded suitable material in the past have been abandoned, and 
the time required to visit all these places personally was 
considered prohibitive. Hence, samples were accepted and 
utilized from every available source. It is realized that in 
adopting this practice the chances for errors in location of 
samples are great, but the large amount of material thus made 
readily available is considered worth the sacrifice. However, 
in a few cases where there is good reason to doubt the accu-
racy of location of the sample as labeled, the sample either 
was discarded or the analysis was not considered in the final 
interpretation. 
A polished section was made from the most suitable part 
of each hand specimen preparatory to obtaining the spectro-
graphic sample. A small block about 10xl5x20 mm was sawed 
from the hand specimen and mounted in a polystyrene ester 
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plastic. One sawed surface of the mounted specimen was ground 
on agate and cast iron laps, with silicon carbide and crushed 
corundum as abrasives. The cast iron lap is made of "gray 
iron" which contains one percent each of copper and molybdenum. 
A preliminary polish was obtained with levigated alumina and 
.diamond powder on a lap coated with cellulose acetate and 
levigated alumina. Diamond powder in mineral oil (Nujol) was 
used as an abrasive for the final polish on a lap coated with 
cellulose acetate and cerium oxide. 
The samples for spectrographic analysis were obtained as 
drill cuttings from the surfaces of the polished sections. 
The drilling equipment consists of a laboratory model dental 
machine fitted with s. s. White No. 2 11carbide 11 dental burrs. 
These burrs are approximately one millimeter in diameter and 
therefore are suitable for the sampling of relatively small 
areas of the polished section under the microscope. This 
method of sampling, by drilling the sample from a polished 
section under the mineregraphic microscope, is regarded as 
superior to the commonly employed method of selecting "clean" 
fragments of crushed material under a binocular microscope. 
The chief advantages of the polished section method of 
sampling are: (1) samples can be obtained from a very small 
amount of initial material; (2) microscopic intergrowths of 
other minerals, which ordinarily cannot be seen in rough 
fragments under the binocular microscope, can be avoided, thus 
assuring a purer sample; and (3) the other minerals that 
commonly are associated with the sample mineral can be 
identified and reckoned as potential contaminants. The 
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principal disadvantages of the polished section method are: 
(1) the implicit but necessary assumption that the material 
is homogeneous and monomineralic to the depth penetrated by 
the drill (ordinarily about one millimeter), and (2) the 
increased chances of contamination during preparation of the 
polished section and during the drilling process. 
Although it is necessary to assume that the sample is 
homogeneous to the depth penetrated by the drill, the uncer-
tainty introduced by such an assumption may be minimized by 
noting the other minerals present in the polished section and 
regarding them as possible contaminants. Furthermore, from 
a knowledge of the distribution of the trace elements among 
the more common sulfides, which are more likely to be contam-
inants, it is commonly possible to evaluate semi-quantita-
tively the contribution of the contaminant mineral to the 
total trace element content of the sample. 
The possibility that contamination occurs in the prepa-
ration of the polished sections and in the drilling process 
was tested by analysing two samples that were taken from the 
same part of a specimen by two different methods. One sample 
(JER-36HSP) was chipped with a diamond-tipped probe from an 
unprepared specimen of chalcopyrite. No other minerals could 
be seen in the specimen under the binocular microscope. 
A second sample (JER-36} was obtained by the regular drilling 
procedure from a polished section of the same part of the 
specimen, after the first sample was obtained. It is evident 
from the analyses of these samples presented in table 1 that 
the preparation of the polished sections and the drilling 
-13-
process do not introduce any systematic contamination effects. 
Table 1 
Tests for Contamination in the Preparation of Samples 
(In parts per million) 
.Sample No.: Ag As Bi Cd Co Ge 
JER-36HSP 
JER-36 
30 
30 
30 
30 
4 
In Mn Mo Ni Sb Sn Te 
100 30 
100 20 
- 300 
- 100 
After the general distribution of trace elements in the 
fo ur most common primary sulfides (chalcopyrite, sphalerite, 
pyrite, and galena) had been determined, some samples that 
were known to be contaminated by one or another of these 
minerals were utilized for certain &lements. The purpose of 
this was to obtain some idea of the distribution of the trace 
elements in those areas from which no other material was a-
vailable at the time. 
-14-
ANALYTICAL METHODS 
Equipment and Instrumental Conditions 
The trace element contents of chalcopyrite and sphaler-
ite, and of a few samples of pyrite and galena, were deter-
mined spectrographically with the equipment and under the 
conditions described below. 
Spectrograph - A Jarrel-Ash 21 foot Wadsworth mounted 
grating-type instrument that has a dis-
persion of 5.2 Angstroms per millimeter 
in the first order. The grating, a 
Johns Hopkins original, has 15,000 lines 
per inch. 
Electrodes - The anodes are shaped from 1/4 inch graph-
ite rods according to the specifications 
of Myers (1951). The cathodes are two 
inch long pieces of 1/8 inch graphite rods 
that are pointed on one end. 
Photographic plates - 4xl0 inch Eastman Kodak, emulsion 
number III-0, developed four 
minutes at 20°0 in DK-50 devel-
oper. 
Wavelength range - 2300 to 4800 Angstroms in the first 
order. 
Excitation - A 10 ampere DC arc is used throughout. 
The analytical gap is four millimeters, 
of which the central half millimeter is 
used. The arc is magnified five times and 
focused on the slit. 
Exposure - A slit width of 25 microns is maintained 
throughout. Neutral density quartz filters 
are used to reduce the amount of light 
transmitted to 40 percent for the chalco-
pyrite samples and to 64 percent for the 
sphalerite samples. 
Densitometer - Applied Research Laboratories, model 
2250. 
The Analysis of Chalcopyrite 
The spectrographic method f or the analysis of chalco-
-15-
pyri te that is used here was developed specifically to over-
come the difficulties that are connected with the hi gh iron 
content of the mineral (CuFeS2). The aim in this development 
has been to combine fair precision and high sensitivity with 
speed of analysis. 
Previously described methods for the quantitative analy-
sis of sulfides are few, especially for iron-rich sulfides, 
and most of them are of about the same general nature (Strock, 
1945). The most common procedure has been to mix the sample 
with an excess of powdered carbon, and to burn the mixture to 
completion. This procedure is unsatisfactory for the present 
purposes because: (1) the background on the photographic plate 
is so intense, owing to the high iron content, that the 
general sensitivity is lowered to an undesirable level; 
(2) an iron-rich bead forms during ' arcing and tends to 
'' spatter" from the arc, and (3) the consequent loss of sample 
results in relatively poor reproducibility of analysis. 
Oftedal (1941) encountered similar difficulties in the analy-
sis ~f iron-rich sphalerite. 
In attempts to improve the arcing characteristics, repro-
ducibility, sensitivity, selective volatilization, and to add 
an internal standard, considerable experimentation was done 
with various mixtures of Na2C03, Si02 {quartz), ZnO, and CuO, 
in place of the powdered carbon. The best results were 
obtained with a mixture that consists of 50 percent Si02, 
40 percent ZnO, and 10 percent Na2C03. The Si02 forms a bead 
that burns smoothly. The ZnO is added as an internal stand-
ard and to promote selective volatilization of the non-ferrous 
-16-
e l ement s. The Na2C03 acts to stabilize the arc and as a flux 
in the formation of the silica-rich bead. Despite the improve-
ments that resulted from the use of this mixture, the back-
ground was still objectionably intense. This objection was 
overcome, however, by arcing the sample in two stages. 
A moving plate study indicated that after the sample 
mixture is arced for 50 seconds at 10 amperes, the elements 
of interest, except cobalt, iron, manganese, molybdenum, and 
nickel are nearly completely volatilized. Furthermore, even 
enough of these five elements are volatilized in this period 
of time to yield acceptable sensitivities. Therefore, the 
procedure finally adopted is to arc the sample mixture for 
50 seconds, then advance the camera, without breaking the arc, 
and burn the sample to completion (altogether about 90 to 110 
seconds). Nearly all the iron is effectively- held in the 
silica-rich bead until after the camera is advanced; hence, 
there is no longer an objectionably intense background in the 
first, most important exposure. The second and iron-rich 
exposure, with its intense background, could be used for the 
determination of cobalt, manganese, molybdenum, and nickel, 
but the results obtained for these elements from the first 
exposure are nearly as reproducible as those from the second 
and are more expeditiously obtained. The second exposure is 
now used mainly to evaluate iron, manganese, and cobalt inter-
ference. 
Inasmuch as it was commonly possible to obtain only 15 
or 20 milligrams of sample altogether, all the experimentation 
was done using only five milligrams of sample. This sample 
-17-
was mixed with 15 milligrams of the Si02-ZnO-Na2C03 mixture 
to make a total electrode charge of 20 milligrams. The use of 
the small 5 milligram sample permitted about 95 percent of the 
analyses to be made in duplicate. Moreover, the samples are 
still large enough to yield fairly good sensitivities, as 
shown in figure lA. 
The method of internal standardization used in these 
studies differs somewhat from standard procedures. Ordinarily 
the internal standard element is added in very small amounts, 
but in the present work no suitable internal standard could 
be found that would not be expected to occur as a minor or 
trace constituent of the samples. Therefore, zinc was used 
as an internal standard for the less refractory elements by 
adding a large enough quantity (30 percent of the total mix-
ture in the form of ZnO) to "swamp out" the effects of small 
amounts of zinc (less than one percent) that might be present 
as a contaminant from admixed sphalerite. Similarly, inasmuch 
as the iron content of chalcopyrite is essentially constant, 
iron was used as an internal standard for cobalt, nickel, and 
manganese. 
Another practice that was adopted in this work, but which 
is not reeommended for the highest precision, is the use of 
only one zinc line (2670.5 R) and one iron line (2791.5 ~F as 
internal standard lines, instead of the general practice of 
using neighboring line pairs. The considerably increased 
speed of analysis is considered worth the slight sacrifice 
in precision. 
- 17a -
Figure 1. The spectrographic sensitivities of the elements 
in chalcopyrite E~F and sphalerite (B}. 
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The chalcopyrite standards were prepared by adding, as 
spectrographically pure oxides, the elements antimony, arsenic, 
bismuth, cadmium, cobalt, germanium, indium, manganese, molyb-
denum, nickel, silver, tin, and tellurium to a base of nearly 
pure natural chalcopyrite from Ajo, Arizona (AJ-40, table 4) • 
. Blank corrections were made for the small amounts of bismuth, 
cobalt, indium, manganese, silver and tin that were present 
in the base. A mixture that contains 5.0 percent by weight of 
the elements in the chalcopyrite base was prepared first and 
then diluted to 1.0 percent with the base. Further dilutions 
from an aliquot of the 1.0 percent standard were made in steps 
that differed from each other by a logarithmic factor of 5. 
The result is the series of standards, 1, 3.2, 10, 32, 100, 
320, 1000, 3200, 10000 parts per million. 
The standards are exposed with each group of samples, 
and the working curves are reconstructed each time. The 
actual construction of the working curves, examples of which 
are shown in figures 2 and 3, consisted of plotting on loga-
rithmic coordinates the concentrations versus the element line 
to internal standard line intensity ratios. The intensities, 
in turn, are obtained from the photographic emulsion calibra-
tion curves, which are constructed according to the method of 
Diecke and Crosswhite (1943}. 
The reproducibility of the method was determined by 
analyzing a sample of chalcopyrite (BOR-1, table 4) 14 times 
during a period of six months. The results of these tests are 
summarized in table 2. Among the six elements that were de-
tected in the test sample, the best reproducibility is 
-19a-
Figure 2. Working curve for the determination of the amount 
of tin in chalcopyrite. The leng ths of the vertical 
bars represent the ranges in the results of 13 
analyses of the standard mixtures. 
Figure 3. Working curve for the determination of the amount 
of nickel in chalcopyrite. The lengths of the vertical 
bars represent the ranges in the res ults of 13 analyses 
of the standard mixtures. 
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Table 2 
Reproducibility of Chalcopyrite Analyses 
Element : Mean . Mean Deviation :Standard Deviation . 
. {ppm) : (percent) . (percent) . . 
Cadmium 50 15 . 19 . 
Indium . 76 . 23 29 . . 
Manganese . 7 . 20 . 25 . . . 
Nickel . 18 . 23 . 29 . . . 
Silver . 640 . 17 . 21 . . . 
Tin : 2000 . 13 . 16 . . 
obtained with tin, and the poorest is obtained with nickel. 
The method of internal standardization is thought to be large-
ly responsible for the poor reproducibility· of the nickel 
value. The data indicate that in general the analytical 
method for chalcopyrite give s results that are reproducible 
to one significant figure with a standard deviation of about 
25 percent. 
The Analysis of Sphalerite 
The method that has just been described for the analysis 
of chalcopyrite was used, with only minor modifications, for 
the analysis of sphalerite after considerable experimentation 
failed to produce an equally satisfactory method that was 
simpler or less time consuming. The more or less standard 
procedure of mixing the sample with excess carbon and arcing 
the mixture to completion gave fair but not wholly 
-22-
satisfactory results for iron-poor sphalerite, and for the 
more iron-rich types the method was entirely unsatisfactory. 
Inasmuch as sphalerite commonly contains large and 
variable amounts of iron in substitution for zinc, iron cannot 
be used for an internal standard, as it is in chalcopyrite • 
. Therefore, 15 percent of CuO was added to the Si02-ZnO-Na 2C03 
mixture in place of part of the ZnO and the copper is used as 
an internal standard for cobalt, manganese, molybdenum, and 
nickel. This amount of CuO is believed sufficient to "swamp 
out" the effects of one percent or less of copper that might 
be present as a contaminant from admixed chalcopyrite. The 
copper line at 2998.4 ~ is used as an internal standard line, 
together with the zinc line at 2670.5 ~K The effects on 
internal standardization of the variable zinc content of 
sphalerite are minimized by the presence of 25 percent ZnO 
in the Si02-ZnO-CuO-Na2C03 mixture. 
The only change that was made in the exposure conditions 
that were established for chalcopyrite is an increase from 
40 to 64 percent in the amount of light transmitted to the 
slit. This change apparently is responsible for the slight 
increase in the sensitivities of some of the elements in 
sphalerite, as shown in figure lB. 
The sphalerite standards were prepared by adding, as 
spectrographically pure oxides, the elements antimony, 
arsenic, bismuth, cadmium, cobalt, gallium, germanium, indium, 
manganese, molybdenum, nickel, silver, tin,tellurium, and 
thallium to a base of synthetic phosphorescent (green) zinc 
sulfide manufactured by Hammer Laboratories, Denver, Colorado. 
-23-
Blank corrections were made for 30 ppm cadmium and 10 ppm 
manganese. The procedure for dilution of this standard mix-
ture and the method of construction of the working curves are 
the same as described previously for chalcopyrite. 
The reproducibility of the method was determined by ana-
lyzing a sampl e of sphalerite (PEW-8, table 5) nine times 
during a p eriod of six months. A summary of the results for 
the elements detected in the sample is presented in table 3. 
Table 3 
Reproducibility of Sphalerite Analyses 
Element s : Mean : Mean Deviation :Standard Deviation 
. (ppm) (percent) : (percent) . 
Bismuth 5.7 . 13 . 16 . . 
Cadmium . 1400 . 10 . 13 . . . 
Cobalt . 175 . 25 . 31 . . . 
Indium 11 . 15 . 19 . . 
Manganese . 1900 . 19 . 24 . . . 
Nickel . 5.3 . 30 37 . . 
Silver . 25 . 20 . 25 . . . 
Although there appears to be a greater range of reproducibili-
ties for the elements in sphalerite than in chalcopyrite, the 
average standard deviation, again, is approximately 25 percent. 
The working curves for cadmium, which gives the most reprodfic-
ible results, and for manganese, the reproducibility of which 
is average, are shown in figures 4 and 5. 
-24-
The Analysis of Pyrite and Galena 
The analyses of the ten pyrite samples were made using 
the method and standards that are used for the analysis of 
chalcopyrite. However, it was necessary to use zinc as the 
internal standard for all elements because there is a consid-
erable difference in the iron contents of pyrite and chalco-
pyrite. Similarly, the 15 galena samples were analyzed by the 
method and standards used in the analysis of sphalerite. 
The errors involved in this practice arise chiefly from 
differences in composition between pyrite and chalcopyrite, on 
the one hand, and between galena and sphalerite, on the other. 
The lack of zinc in galena might be expected to result in a 
weakened intensity of the zinc internal standard line, but 
the effect apparently is too slight to be detected by the 
present method. The reason factors such as this are not very 
influential is that the "matrix" is dominated by the standard 
mixture.of constant composition. It is doubtful, therefore, 
that the analyses reported for pyrite and galena are signifi-
cantly in error. 
- 24a-
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I 
Figure 4. Working curve for the determination of the amount 
of cadmium in sphalerite. The lengths of the vertical 
bars represent the ranges in the results of 14 analyses 
of the standard mixtures. 
Figure 5. Working curve for the determination of the amount 
of manganese in sphalerite. The lengths of the vertical 
bars represent the ranges in the results of 14 analyses 
of the standard mixtures. 
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THE ANALYTICAL DATA 
All the samples of chalcopyrite, sphalerite, pyrite, and 
galena that were analyzed in connection with the present study 
are represented in tables 4 - 7. Each entry in the tablas is 
an average of duplicate determinations on the same sample in 
about 95 percent of the cases. Insufficient material was 
available in the other five percent to permit duplicate deter-
minations. These data form the bases for the ensuing discus-
sions and are the main evidence for the conclusions that are 
drawn. 
The arrangement in each of the four tables is essentially 
the same. The analyses are grouped according to the mining 
districts from which the samples came, and the samples are 
located within each district as accurately as the available 
information permits. The data thus grouped are averaged for 
certain of the elements in chalcopyrite and sphalerite, and 
t hese district averages are presented in the legends of the 
maps of plates 1 - 12. Each district is indicated on these 
maps by a number which corresponds to the district number in 
the tables. 
Near the ends of tables 4 and 5 are several groups of 
analyses that are given letter designations instead of district 
numbers. These analyses are not represented on the maps 
(plates 1 - 12) for one reason or another. Some have been 
obtained from districts that are outside the areas covered by 
the maps, for some others the exact localities are not known, 
and others represent series of analyses from single crystals 
or individual specimens. 
-27-
A short dash (-) in the tables indicates that the element 
was not detected in either analysis of the sample. A "less 
than" symbol ( () in the silver analyses indicates that silver 
was detected, but in amounts less than one part per million, 
the lower limit of the standards. A "greater than" symbol ()) 
indicates that the element is present in such large amounts 
that the analysis line is too dense to microphotometer 
accurately (less than two percent transmission). A query(?) 
indicates one of two things: either slight contamination from 
the preceding sample during weighing is suspected, or a poten-
tially interfering element is present in abnormally high 
concentrations. Both situations are relatively easy to detect, 
but neither is easy to evaluate. 
Although tellurium was sought in all samples analysed, it 
was not detected in any sample of pyrite, and in only one each 
of chalcopyrite and sphaleritegK~I both of which are suspected 
of being contaminated. Therefore, tellurium is omitted from 
tables 4 - 6 to conserve space. For the same reason, gallium 
is omitted from table 7. 
* The chalcopyrite sample, N-116, contains 800 ppm tellurium, 
and the sphalerite sample, ARI-58, contains 300 ppm tellurium. 
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SOME ASPECTS OF THE CRYSTAL CHEMISTRY AND GEOCHEMISTRY 
Sphaleri te 
OF CHALCOPYRITE AND SPHALERITE 
The Variations in Trace Element Content 
Within Single Crystals and Specimens 
An examination of table 5 reveals that the trace element 
content of sphalerite from various parts of a mine, or, in 
many places, an entire mining district, is relatively constant 
with respect to some elements, and hi ghly variable with respect 
to others. For example, the cadmium content of sphalerite is 
remarkably constant throughout a mine or district, but the tin 
content commonly varies within wide limits. In contrast to 
this, the tin content of chalcopyrite from a given mine tends 
strongly to vary within relatively narrow limits, and, on this 
basis, tin is regarded as exhibiting a well defined geographic 
distribution. It is important, therefore, to determine if 
po ssible whether the large variations in the tin content of 
sphalerite are dependent upon the site of crystallization or 
upon other factors. 
The approach to this problem ha~ been to determine the 
variations in the trace element content within a single crystal 
of sphalerite, and by comparison to determine whether these 
variations could account for the variations observed between 
different specimens from the same mine. It is realized that 
the properties of a large well-formed crystal of sphalerite, 
which obviously grew in an open space, are not necessarily 
representative of the bulk of the sphalerite samples studied 
h ere, most of which occur as relatively fine- gra ined 
-59-
replacements. In fact, the open space fillings very probably 
exhibit a much greater variability than other modes of occur-
rence, owing to the wide range in conditions, especially of 
pressure, that must exist in an open space during the growth 
of a large crystal. 
The large crystal that was selected for analysis occurred 
as a partial filling of a vug in andradite-rich rock at the 
Empire Zinc Mine, Hanover, New Mexico. An examination of the 
sawed surface of t·he interior of this crysta 1 revealed that it 
is twinned; hence care was taken to obtain samples from only 
one individual of the twin. As shown in figure 6, the samples 
were taken at three to four millimeter intervals, from the 
base (where the crystal was attached to the wall of the vug) 
to the terminal faces. About a centimeter from the termination 
the crystal undergoes a color change, from dark brown inward 
to greenish-gray outward. This color change is faintly 
visible in figure 6 and is indicated in figure 7 by the verti-
cal line very near sample Z. 
The analyses of the 14 samples .that were obtained from 
this crystal (HAN-20) are presented ih table 5 (district C), 
and are represented graphically in figure T-:~K The results, as 
they are shown in figure 7, clearly indicate the source of the 
variations in trace element content that were noted above. 
The cadmium content remains remarkably constant through-
out the crystal, whereas the tin content is extremely erratic. 
The manganese content, on the other hand, is approximately 
-i:-The data are plotted to two significant figures in figure 7, 
but are reported to only one significant figure in table 5. 
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Figure 6. Section of a large crystal of sphalerite (HAN-20) 
showing the locations of the samples, the analyses of 
which are reported in table 5, district C, and repre-
sented graphically in figure 7. The twinned crystal 
occurred in a vug in andradite-rich contact rock and 
was attached to the wall of the vug along the surface 
indicated as the "base" in the photograph. 
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Figure 7. Variations in the trace element content of the 
large crystal of sphalerite shown in figure 6. The 
left-hand border of t he figure represents the 11base 11 
of the crystal, where it was attached to the wall of 
the vug, and the right-hand border represents the 
terminal face of t he crystal . 
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constant within the brown part of the crystal, but undergoes 
about a tenfold decrease across the color zone boundary into 
the greenish-gray part. Similarly, a comparison of intensity 
ratios for iron indicates that the amount of this element also 
decreases by a factor of approximately ten across the color 
zone boundary; and the decrease doubtless is largely respon-
sible for the change in color. Hence it would appear that the 
same or closely related factors govern the distribution of both 
iron and manganese in sphalerite. Silver also appears to de-
crease in amount toward the outer part of the crystal, but the 
decrease, if real, is slight. Although the cobalt content 
decreases across the color zone boundary, there is essentially 
as much cobalt in the outer greenish-gray zone as there is in 
the inner part of the brown zone. 
The cause of the erratic behavior of tin is not fully 
understood. It probably is not the result of changes in the 
composition of the fluids from which the crystal was deposited, 
for none of the other elements shows similar or related varia-
tions. However, this does not mean that changes in the compo-
sition of the fluids are not important, for they very likely 
are the cause of the changes in the iron, manganese, cobalt, 
and silver contents that were described in the foregoing 
paragraph. 
The fact that the behavior of tin is unique among the 
elements present in the crystal suggests that the cause might 
lie in some unique property of tin or one of its compounds. 
This suggestion becomes a real possibility when it is recog-
nized that tin, in the form of a volatile halide, very well 
... 
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could be an important constituent of the microscopic white 
crustifications that occur on the walls of numerous cavities 
that were penetrated by the drill in obtaining samples. The 
cavities that occur in the large crystal are of two general 
types; angular cavities as much as five millimeters across 
that apparently are the result of non-uniform growth of the 
crystal, and semi-spherical cavities that are as much as two 
millimeters in diameter. The semi-spherical cavities presum-
ably represent bubbles of the vapor phase that became attached 
to the surfaces and eventually were incorporated in the growing 
crystal. The tin, then is presumed to have been present in the 
vapor phase originally, as the fluoride perhaps, and subse-
quently to have precipitated as a constituent of the white 
crustifications. Many of the cavities, moreover, contain 
small quartz crystals that are "dusty" with minute crystals 
of a high refringent and high birefringent mineral that could 
be cassiterite. 
It is possible that the decrease in.the iron and manganese 
contents of the crystal near its outer margins indicates a 
sharp decrease in the temperature of the system during crys-
tallization. Either this is not the case or cadmium is not 
sensitive to such temperature changes, for the cadmium content 
remains constant across the color zone boundary. The decrease 
more probably represents an impoverishment of the fluids in 
iron and manganese. 
In summary, it is suggested that the erratic behavior of 
tin in the crystal studied is in some way related to the 
presence of numerous cavities and inclusions, but that the 
-64-
more systematic variations are a reflection of the changing 
nature of the fluids from which the crystal was deposited. 
Furthermore , the geologic occurrence of the specimen, essen-
tially as an open space filling, is regarded as important not 
only in the development of such a large crystal, but in the 
number and nature of the cavities and inclusions, and in the 
general variability of both the physical and chemical condi-
tions of crystal growth. 
The importance of conditions of deposition in the 
distribution of trace elements is further emphasized by the 
results of an examination of a spe cimen of botryoidal sphaler-
ite from the North Lilly Mine, Tint ic District, Utah (EUR-46). 
Samples were obtained from eight successive layers of the 
specimen as shown in figure 8. The results are presented in 
table 5 (district-i.D) and are shown graphically in figure 9*· 
The most striking feature of the trace element content of this 
sample is its pronounced variability; however, there is a 
r eadily discernible pattern to the var.iations. The genera l 
level of concentration is highest in the first sample (A), 
the earliest, decreases through the middle, and increases 
toward the last sample (H), the latest. The main exceptions 
are germanium and thallium, which are enriched in the outer 
layers. In general, the higher trace element contents are in 
the darker colored layers, and sample G, which is richest in 
germanium, is from a distinctly reddish layer. 
{~qhe data are plotted to two significant figures in figure 9, 
whereas they are reported to only one significant figure in 
table 5. 
- 64a-
Figure 8. A polished section of botryoidal sphal-
erite (EUR-46) showing the location of samples, 
the analyses of which are reported in table 5, 
district D, and represented graphically in 
figure 9. The specimen is capped by layers 
of botryoidal pyrite. 
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Figure 9. Variations in the trace element content of the 
specimen of botryoidal sphalerite shown in fi gure 8. 
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The causes for the behavior of the trace elements in this 
specimen are not known, especially for the erratic behavior of 
cadmium. The fact that layers A and H, both of which are rich 
in trace elements, were near layers of botryoidal pyrite 
suggests that the gross variations may be the result of varia-
tions in the composition of the solutions; that is, the initial 
supply of solutions may have become impoverished in the trace 
elements, and then replenished, perhaps by a fresh supply of 
solutions. Whatever may be the causes for the behavior of the 
trace elements in this specimen, botryoidal sphalerite is rare 
in the Southwest and any conclusions based on this specimen 
are not likely, therefore, to be generally applicable. 
Chalcopyrite 
Chalcopyrite crystals as large as the sphalerite crystal 
studied were not available; hence fewer samples could be 
obtained from each crystal. Furthermore, it was not possible 
to tell at what point the crystals began their growth, as was 
possible with the sphalerite crystal. 
One fairly large twinned crystal of chalcopyrite was 
obtained from Ellenville, New York (NY-4}, through the cour-
tesy of Professor C. s. Hurlbut of Harvard University. Seven 
samples were obtained from a polished section of this crystal, 
as indicated in fi gure 10. The analyses (table 4, district F) 
reveal that this crystal is nearly free of trace elements, 
except for silver and a small amount of indium. Although 
this is unfortunate for the present purposes, the re~arkably 
slight variations in the silver and indium contents throughout 
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both individuals of the twin provide convincing evidence that 
single crystals of chalcopyrite have a much greater tendency 
toward uniform trace element composition than have sphalerite 
crystals. 
A second chalcopyrite crystal of about the same size as 
the one just described was obtained from the El Carmen Mine, 
Alisos, Chihuahua ( MEX-35), through the courtesy of 
Mr. M. B. Nesbitt of the El Potosi Mining Company. The seven 
analyses of this crystal, which are presented in table 4 
(district E), indicate that it is even purer than the first 
crystal. Despite its purity, however, it exhibits remarkably 
uniform silver and indium contents throughout, 
On the other hand, the tin content of t hi s crystal 
appears to vary within wide limits. This feature was somewhat 
puzzling at first because tin was not detected in a composite 
sample of the interior of an adjacent crystal (table 4, 
district 154). However, the composite sample does not include 
the near surface parts of the crystal, whereas the first and 
last samp les (MEX-35A and MEX-35G) not only i nclude the near 
surface parts on opposite sides of the crystal, but some of 
the surface tarnish as well. Hence, it is suggested that most 
of the tin that is in these two samp les was contributed either 
by the tarnish coating or by the near-surface parts of the 
crystal, and therefore probably was not all an original 
constituent. 
It is probably coincidental that the only available large 
crystals of chalcopyrite are rema r kably pure with respect to 
mos t of the trace elements. But it is also conceivable that 
- 68a-
Figure 10. A polished section of a twinned crystal 
of chalcopyrite (NY-4) showing the location of 
samples, the analyses of whi ch are reported in 
table 4, district F. The dashed line indicates 
the trace of the· composition plane of the twin. 
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the crystals grew to a relatively large size because some 
elements, which commonly occur in finer grained chalcopyrite 
and which might act to 11poison 11 the surfaces of the growing 
crystals and thereby inhibit their growth, were absent from 
the fluids from which the crystals were deposited. 
The distribution of trace elements in single crystals of 
galena has been studied by Frondel, Newhouse, and Jarrel 
(1942). The spectrochemical evidence indicated that the octa-
hedral face loci of the galena crystal tend to be slightly 
richer in trace elements, especially silver, than the cube 
face loci. In corroboration of this, it was demonstrated by 
differential staining techniques that the octahedral face loci 
contain more silver than the cube face loci. However, the 
evidence from staining is not conclusive for there naturally 
is more silver per unit area of octahe~ral surface, even if 
the silver is randomly distributed through the crystal, owing 
to the fact that the atomic density is greater in the octahe-
dral planes than in the cube planes. 
On the other hand, it is possible that two univalent 
silver atoms could replace one divalent lead atom in the 
galena lattice by the substitution of one of the silver atoms 
for the lead atom and allowing the other silver atom to enter 
a tetrahedral interstice. The silver atoms do not have to 
enter the lattice in pairs, just so long as silver occurs in 
both positions. Such an arrangement would result in a greater 
effective concentration of silver in the octahedral plane than 
in the cube plane. 
-71-
The causes for the behavior of the trace elements in 
single crystals remain in large part poorly understood. 
It is suggested that the nature of the solutions from which 
the crystals were deposited is an important factor, whereas 
temperature effects generally are of less significance. This 
is true only so long as the saturation levels of the elements 
in the particular mineral are not reached; otherwise temper-
ature may be a controlling factor. However, it is believed 
that the saturation levels rarely have been reached in the 
examples studied here. 
The Distribution of Trace Elements Among the Sulfides 
Thirty nine of the polished sections that were made in 
connection with the present investigations have furnished 
samples of both chalcopyrite and sphalerite. The analyses of 
these sample pairs bear the same specimen numbers in tables 
4 and 5. Inasmuch as each of these sample pairs has been 
obtained from the same polished section, all together they 
should provide a fairly reliable estimate of the distribution 
coefficients of the various elements between chalcopyrite and 
sphalerite. Together with n i ne chalcopyrite-pyrite pairs, one 
chalcopyrite-sphalerite-pyrite trio, six chalcopyrite-
sphalerite-galena trios, one chalcopyrite-galena pair, one 
sphalerite-pyrite pair, and five spha.lerite-galena pairs, the 
39 chalcopyrite-sphalerite pairs form the basis for the 
following discussion. However, it should be mentioned at the 
outset that although the data are considered adequate to 
establish the relationships between chalcopyrite and sphalerite, 
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they are relatively meager for pyrite and galena; hence, the 
conclusions that are drawn concerning these latter two minerals 
may, in certain cases, require modification when more data are 
obtained. 
The distribution of the various trace elements among the 
four sulfides, pyrite, sphalerite, chalcopyrite, and galena, 
is summarized in figure 11. The preference of a particular 
element for each of the four minerals is indicated in the 
figure by the relative lengths of the bars; no other relation-
ship is intended. Thus galena contains very much more silver 
than the other three minerals, whereas there are only rela-
tively slight differences in the silver contents of pyrite, 
sphalerite, and chalcopyrite. On the other hand, arsenic is 
not highly concentrated in any one of the four minerals, 
although pyrite and chalcopyrite appear to contain slightly 
more than sphalerite or galena. 
The greater amount of data available for chalcopyrite 
and sphalerite permits a more precise analysis of the distri-
bution of trace elements between these two minerals than is 
possible with any of the other minerals considered. A series 
of nine frequency histograms is presented in figure 12, 
representing the data obtained from the 39 chalcopyrite-
sphalerite pairs. In the following pages, this distribution 
is discussed in considerable detail, particularly with respect 
to its crystallochemical and geochemical significance. 
- 72a -
Figure 11. The distribution of trace elements among the 
minerals pyrite, sphalerite, chalcopyrite, and galena. 
The relative degree of concentration of a particular 
trace element in each of the minerals is indicated by 
the lengths of the bars. No relationship is intended 
in the relative lengths of the bars vertically within 
each column. 
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Antimony 
Galena very clearly is the most important host mineral 
for antimony among the four sulfides under consideration. 
According to Goldschmidt (1954, p. 477), "Antimony, in amounts 
up to about 0.5 per cent. (or even 1 per cent.} by weight, is 
a very common constituent of many hydrothermal galena deposits, 
replacing either sulphur (as does arsenic) or lead (as does 
bismuth}. Possibly both alternatives occur." However, on 
page 406 he states: "It is certain that Se and Te replace 
sulphur, and this is most probably also true for As and Sb 
which are often found as constituents of galena in amounts 
up to 10,000 p.p.m." It would appear from this that 
Goldschmidt favors the sulfur over the lead as the element 
that is replaced by antimony. However, a comparison of the 
distributions of antimony, arsenic, and bismuth among the four 
sulfides (figure 11), reveals that antimony very closely 
resembles bismuth, which genera lly is believed to substitute 
for lead in galena, but bears little resemblance to arsenic, 
which doubtless substitutes for sulfur. Furthermore, the 
atomic (and ionic) properties of antimony are more similar to 
those of lead than to those of sulfur. These features, 
together with the fact that antimony greatly prefers the lead 
sulfide to the other sulfide minerals, strongly suggest that 
lead in galena is the element most commonly replaced by anti-
mony. However, another factor that might be involved in the 
high antimony content of galena is the possiblity of increasing 
concentrations of antimony in the solutions during the sequence 
of crystallization, which is in general from pyrite to galena 
- 74a-
Figure 12. Frequency histograms that represent the distri-
bution of nine trace elements between chalcopyrite and 
sphalerite. A log concentration ratio greater than 
unity indicates a preference for chalcopyrite, a ratio 
less than unity indicates a preference for sphalerite. 
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(left to right} in figure 11. 
The distribution of antimony between chalcopyrite and 
sphalerite is not well defined because antimony was detected 
in only seven of the chalcopyrite-sphalerite pairs. In six of 
the seven pairs, antimony is concentrated in chalcopyrite; 
hence, it is assumed that this element has a sli ght preference 
for chalcopyrite over sphalerite, although the maximum level 
of concentration in uncontaminated samples of both minerals 
is about the same, approximately 500 ppm. Moreover, a compar-
ison of tables 4 and 5 indicates that, in general, antimony is 
of more common occurrence in sphalerite t han in chalcopyrite, 
despite the fact that a potential antimony contaminant, tetra-
hedrite, is fully as common in association with chalcopyrite 
as with sphalerite. 
There is little doubt that both chalcopyrite and sphal-
erite can accept as much as 500 ppm antimony in solid solu-
tion, a pparently in substitution for the metals rather than for 
sulfur. That it does not substi tute for sulfur is suggested by 
the large difference in their tetrahedral radii, 1.36 R for 
antimony and 1.04 R for sulfur, which is in excess of the 
20 percent limit*· In sphalerite it probably substitutes for 
zinc, which has a tetrahedral radius of 1.31 ~K On the basis 
of covalent radii alone, it would appear that the antimony in 
chalcopyrite has a choice of positions, for the radii of both 
copper (1.35 R) and iron (1.24 R) differ only slightly from 
*It is generally accepted on empirical grounds that isomor-
phous substitution does not readily occur if the relevant radii 
of the two elements concerned differ by more than 20 percent of 
the larger radius. 
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the radius of antimony . However, an examination of several 
analyses of tetrahedrite (Palache, Berman, and Frondel, 1946, 
pp. 376-378), a mineral with a tetrahedral structure analogous 
to chalcopyrite and sphalerit e , indicates that in the reverse 
substitut ion, iron prefers the copper site to the antimony site. 
Furthermore, the absence of antimony in the pyrite analyses of 
table 6 indicates that antimony does not readily substitute for 
iron. Hence, it seems probable that antimony substitutes for 
the copper in chalcopyrite. It also is probable that the 
similarity in the levels of antimony substitution in both 
chalcopyrite and sphalerite is a reflection of the similarities 
in atomic positions and general structural features of these 
two minerals. 
The absence of antimony in the analyses of pyrite in 
table 6 and in other published analyses (Auger, 1941, and 
Hawley, 1952) perhaps is best explained by the fact that the 
antimony atom i n either four or six-fold coordination is too 
large to substitute for sulfur (four-fold coordination) or 
iron (six-fold coordination). 
An examination of tables 4 and 5 reveals a relatively 
strong tendency for high antimony values to be accompanied by 
high silver values. Much of t h is effect probably is due to 
contamination by a ~ilver-bearing sulfo-antimonide such as 
tetrahedrite, pyrargyrite, or polybasite; but in some cases 
where it can be shown microscopically that the sample is free 
of such mineral s, there still appears to be a general parallel-
ism between the antimony and silver contents. Perhaps this 
association reflects a tendency toward isomorphous substitution 
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of pyrargyrite or tetrahedrite, or it might indicate an im-
portant amount of associatioru• of certain elements in the 
solutions prior to the deposition of solid phases. 
Arsenic 
Arsenic, unlike antimony, possesses no strong affinities 
for any of the four sulfides, although there appears to be some 
preference for the iron-bearing minerals, pyrite and chalcopy-
rite. The main reason for the relatively uniform distribution 
of arsenic, which is in contrast to antimony, is that arsenic 
substitutes for sulfur, the "common denominator" of all four 
minerals. The difference in their tetrahedral radii amounts 
to only 12 percent of the larger arsenic radius (l.18 ~FK The 
apparent preference of arsenic for pyrite is readily understand-
able in view of the relationship of pyrite to arsenopyrite 
(FeAsS), but the nearly equal preference for chalcopyrite is 
not readily understandable on this basis, in that there is no 
apparent structural reason for arsenic definitely to prefer 
chalcopyrite over sphalerite. The very strong tendency for ar-
senic to be associated with the earlier crystallized iron-bear-
ing sulfides suggests again that there may be a significant 
amount of association of some elements, in this case iron and 
arsenic, in the hydrothermal solutions at the time of deposi-
tion of chalcopyrite and sphalerite. If this is true, chalco-
pyrite might be expected to be enriched in arsenic as compared 
with sphalerite. 
*Association is used here in a general sense. It does not 
necessarily mean that the "associated" elements are bonded 
together in the strict chemical sense, although both of them 
might be indistinguishably bonded to sulfur, oxygen, etc. in 
complexes. It is possible that the "association" arises as 
a consequence of close similarities in chemical behavior and 
response to various physical conditions. 
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The maximum amount of arsenic that can be taken into 
sphalerite and chalcopyrite appears to be in excess of 2000 
ppm and to be about the same for each mineral. The data do 
not permit a reliable estimate of the maximum amounts that 
may be accepted by pyrite and galena, although it is fairly 
certain that pyrite may contain more than 600 ppm arsenic and 
galena more than 900 ppm despite the statements of Palache, 
Berman, and Frondel (1946, p. 202) to the contrary. The 
extremely high value of 10,000 ppm arsenic in the sample of 
galena, N-139 (table 6, district 106), is due to contamination 
by a mineral that closely resembles jordanite, but which might 
be a mixture or a solid solution of jordanite and an antimony-
bearing mineral with properties similar to jordanite. 
Bismuth 
Ga lena is by far the most important host minera l for 
bismuth of the four species studied, as it commonly contains 
more than 10,000 ppm. Oftedal (1941) found as much as 30,000 
ppm bismuth in galena from southern ko~kayK Generally it is 
assumed that bismuth, with an atomic radius of 1.77 R, substi-
tutes for lead (1.69 R) in ga lena, and it was on this basis 
that the comparison with antimony was made previously. 
However, Goldschmidt (1954, p. 408) suggests that a mechanism 
similar to that proposed for the capture of silver by galena 
might also operate in the capture of bismuth; i.e., the 
silver (and bismuth?) may be captured in the tetrahedral 
interstices of the galena structure. 
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The phenomenon of octahedral cleavage or parting in 
galena, which Goldschmidt (1954, pp. 406-407) related to 
bismuth contents approaching 10,000 ppm, was not observed in 
the bismuth-rich galena studied here. Nor do the results of 
the present investi gations support Goldschmidt's claim (p. 407) 
that, " ••• all galena rich in bismuth (about 10,000 p.p.m. Bi) 
also contains thallium (100 - 500 p.p.m.) ••• ". In fact, the 
only thallium-bearing galena analyzed in the present work is 
relatively bismuth-poor. However, there is some support for 
Goldschmidt's claim that galena rich in bismuth always is rich 
in silver, although much silver-rich galena is not bismuth-
bearing. 
The capture of an element in interstices of the crystal 
lattice also might be invoked to explain the occurrence of as 
much as 500 ppm bismuth in pyrite. It is conceivable that 
bismuth might be captured in the tetrahedral interstices in 
the pyrite structure, which are just about large enough to 
/ 
~ 
accompdate the bismuth atom in tetrahedral coordination. No 
other explanation is offered for this occurrence of bismuth, 
for the atomic properties of bismuth are much too different 
from those of iron or sulfur to permit its substitution for 
either of them. 
Bismuth exhibits a slight but noticeable preference for 
sphalerite over chalcopyrite, as shown in figure 12A, although 
the maximum concentration in uncontaminated material appears 
to be about 700 to 1000 ppm in both minerals. A bismuth-
bearing mineral, most commonly bismuthinite, is intergrown 
with chalcopyrite or sphalerite in nearly all the samples of 
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these minerals that contain 2000 ppm bismuth or more. 
A good reason for the slight preference of bismuth for 
sphalerite is not forthcoming. Its tetrahedral covalent 
radius (1.46 R) is such that it could substitute equally well 
for copper in chalcopyrite or for zinc in sphalerite. 
Cadmium 
Sphalerite is so predominant as a host for cadmium that 
when more than 100 ppm of this element appears in an analysis 
of one of the other minerals, except possibly ga lena, contam-
ination from sphalerite may be suspected. Oftedal (1941) 
found as little as 10 ppm cadmium in sphalerite from 
Kangerluarsuk, Greenland, and as much as 51,000 ppm in a 
sample of sphalerite from southern Norway. The cadmium con-
tents of the sphalerite samples analyzed in the present 
studies range from 200 to 20,000 ppm, but more than 95 percent 
are within the range 2,000 to 10,000 ppm. The regional 
average cadmium content of sphalerite for the Southwest is 
about 5,500 ppm. Warren and Thompson (1945) obtained an 
average of 4,500 ppm cadmium for sphalerite from British 
Columbia, but considering the difference in spectrographic 
methods, it is doubtful whether the difference between these 
averages is significant. 
Sandell and Goldich (1943) found that the ratio of cad-
mium to zinc in some "American igne.ous rocks" is very near 
1:500. Goldschmidt (1954, p. 271) has compared this with 
a cadmium to zinc ratio between 1:100 and 1:300 for sphalerite, 
chiefly from Norway, and has interpreted the difference as 
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confirmation of the more chalcophile nature of cadmium as 
compared with zinc. Although the regional average for the 
ratio of cadmium to zinc in sphalerite from the Southwest is 
about 1:120, the ratio ranges from 1:70 to 1:700, depending 
upon the geographic location. Furthermore, the 1:500 ratio 
for the "magmatic rocks" is based on samples that represent 
relatively small areas of only two states, Minnesota and 
Texas, and cannot, therefore, be assumed to represent all 
"magmatic" rocks the world over. 
It has been well established that cadmium occurs in solid 
If 
solution in sphalerite, in substitution for zinc (Kroger, 
1939; Kullerud, 1953). Generally it is assumed that this 
substitution occurs because cadmium and zinc sulfides have 
identical crystal structures, and because cadmium and zinc 
are very similar chemically; i.e., th~y have similar electron-
ic configurations, electronegativities, etc. However, chalco-
pyrite has the same crystal structure and similar lattice 
constants, and when associated with sphalerite, it generally 
contains less than 10 ppm cadmium-il- (figure 12B). Therefore 
the behavior of cadmium in these tetrahedral structures 
cannot be logically explained on crystallochemical grounds 
alone. 
The very strong preference that cadmium shows for sphal-
erite is readily explained if it is assumed that, because of 
the very close chemical similarities of cadmium and zinc, the 
-i:-1Nhere no sphaleri te is present, as in some of the gold quartz 
veins of Grass Valley, California, the chalcopyrite contains 
as much as 200 ppm cadmium. 
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two elements already are associated in the fluids prior to 
deposition. This hypothesis of pre-depositional association 
of some of the elements, which has been suggested before as 
a possible explanation for the apparent association of antimony 
with silver, is compatible with the observation that ga lena, 
which generally crystallizes later than either sphalerite or 
chalcopyrite, persistently contains up to 100 ppm cadmium; and 
Ofteda l (1941) has found as much as 1000 ppm cadmium in 
sphalerite-free ga lena from Norway. This hypothesis, if 
/ 
correct, also would explain the remarkably constant cadmium 
content of sphalerite wi t hin mo st mining districts. 
The substitution of cadmium for lead in galena is readily 
understandable strictly from the atomic and ionic size relation-
ships of these two elements. Moreover, the covalent radius of 
iron (1.24 ~F is close enough to that of cadmium (l.47 ~F to 
permit a small amount of cadmium to substitute for iron in 
pyri te. However, because of the possibility of contamination 
from sphalerite in the only analysis of pyrite in which cad-
mium was reported, it is doubtful that cadmium commonly occurs 
in pyrite in amounts grea t er than 20 or 30 ppm. 
Cobalt 
Cobalt was found in all four of the sulfides analyzed, 
although the amount actually present in the ga lena structure 
probably does not exceed 20 ppm. Pyrite contains the most 
cobalt (2000 ppm or more), as might be expected from the close 
similarities i n chemical properties of cobalt and iron, and 
from the similarities in crystal structures of the sulfides of 
these two elements. According to Goldschmidt (1954, p. 668), 
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Ga velin and Gabrielson (1947) found that pyrite and pyrrhotite 
in copper ores generally contain more cobalt than the same 
minerals in zinc ores. The data in table 6 are inconclusive 
in this respect, although it is true that the highest percent-
ages of cobalt are in pyrite from districts in which copper 
predominates over zinc. If inferences can be drawn from the 
meager data, a comparison of the zinc-rich deposits associated 
with the Hanover stock, New Mexico (district 83), with the 
more zinc-poor, copper-rich deposits associated with the Santa 
Rita stock (district 85) affords some support for Gavelin and 
Gabrie lson's suggestion. However, even though the more cobalt-
poor pyrite appears to be associated with the less copper-rich 
ores, these ores are not necessarily zinc-rich, as, for example, 
in the Bunkerville district, Arizona (district 33), a predomi-
nantly copper producing district in which the pyrite is rela-
tively poor in cobalt. 
Bj,rlykke ( 1945) found the cobalt content of Norwegian 
pyrite to range from 0.47 to 1.25 percent. From a compa rison 
with table 6, it may be concluded that pyrite from Norway is 
considerably richer in cobalt than pyrite from the southwest-
ern United States, especially Ar izona. A comparison of sphal-
erite samples from the two regions also reveals a large differ-
ence in cobalt contents. Thus, Oftedal (1941) found as much as 
3000 ppm cobalt ' in many Norwegian sphalerite deposits, whereas 
800 ppm is the most cobalt found in sphalerite from the South-
wes t. 
Chalcopyrite also is a host for cobalt, but a relatively 
poor one by comparison with pyrite or sphalerite, as shown in 
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f igure 12C. The amount that occurs in chalcopyrite generally 
is less than 400 ppm, except for one sample (UT-38, table 4, 
district 141) wh ich very probably is contaminated wi th 
cobaltite. 
The very definite enrichment of cobalt in sphalerite, as 
compared with chalcopyrite, is difficult to explain by the 
crystallochemical principles discussed thus far, unless it is 
assumed -that small differences in covalent radii are important. 
Alternatively, it is possible that the decrease in cobalt con-
tents through the series pyrite - sphalerite - chalcopyrite -
galena is a result of temporally progressive impoverishment 
of the solutions in cobalt. 
Cobalt occurs in galena in amounts up to 20 ppm. This 
relativel y small amount is in keeping with crystallochemical 
considerations, and with the impoverishment postulate as well. 
Regardless of whe ther the bonding between lead and sulfur in 
ga lena is largely ionic (as suggested by Goldschmidt, 1954 ) , 
metallic, covalent, or, more probably, of hybrid character, 
the size relationship s of the atoms and/or ions involved are 
inappropriate for appreciable substitution of cobalt for lead. 
Gallium 
Gallium was determi ned only in sphalerite and galena in 
the present investigations. However, most of the spectra of 
chalcopyrite and pyrite were examined for gallium, but none 
was found in amounts greater than about 30 ppm, the approxi-
mate level of interference by iron. Nor was gallium detected 
in any of the samples of galena (table 7), an observation in 
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ful l agreement with those of Oftedal (1941), who also found no 
detectable gallium in sphalerite-free galena from Norway . 
Together these facts indicate that sphalerite, which in the 
Big Cottonwood district, Utah (district 134) contains more than 
700 ppm gallium, contains essentially all the gal lium in the 
average base-metal sulfide deposit. 
The obvious preference of gallium for sphalerite, despite 
the lack of quantitative information on its partition between 
sphalerite and chalcopyrite, poses the same problems of distri-
bution as do cobalt and cadmium. Explanations based on simple 
crystallochemical considerations are not convincing, because 
the crystal structures and the sizes of the constituent atoms 
of chalcopyrite and sphalerite are too similar . Moreover, the 
hypothesis that involves progressive changes in the composi tion 
of the solutions is not very acceptable because the changes in 
the gallium content of the minerals are not systematic. Among 
the pos sible explanations that have been proposed thus far, 
there remains the one that involves a relatively high degree 
of association of some of the elements in the solutions prior 
to deposition. This may be particularly applicable to gallium 
in sphalerite in view of the close proximity of gallium to zinc 
in the periodic table. However, another explanation, which 
perhaps might also apply to the distribution of cadmium and 
coba lt as well as to gallium, involves a consideration of 
differences in the character of the bonds between the various 
me tals and sulfur--specifically a consideration of the probable 
differences in the degree of ionic versus covalent and metallic 
bonding associated with the metals in chalcopyrite and 
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sphalerite. 
According to Ku llerud (1953), the unit cell dimensions of 
p (zn,Fe)S increase wi th increasing iron content, and he has 
correlated this phenomenon with a grea ter ionic character of 
the Fe-S bonds. Kullerud also found that manganese has a 
similar, though much greater effect on the M-S bond distance. 
This finding tends to support h is first interpretation, inas-
much as the Mn-S bond is considered to be large l y ionic 
(Pauling, 1948, pp. 1US-1UT F~}K If it is true that the presence 
of iron or manganese in the ZnS structure imparts a more ionic 
character to the bonds with sulfur, and if it is assumed that 
metals like iron and manganese, which have a relatively 
greater tendency toward ionic character in t he ir bonds with 
sulfur, are preferentially concentrated in the more ionic 
structures, then an explanation of the partition of some of 
the metals between sphalerite and chalcopyrite is suggested. 
Thus a comparison of electronegativities (Pauling, 1948; 
Green, 1953) and of M-S bond distances-::--i:- indicates that, in 
general, the bonds in sphalerite have about twice as much 
ionic character as the bonds in chalcopyrite. Thus it mi ght 
be predicted that metals such as gal lium, cadmium, and partic-
ularly manganese, whose tendencies toward ionic character of 
their bonds wi th sulfur are equal to or grea ter than that of 
iron, wou ld be concentrated in sphalerite; in contrast, those 
*Cadmium has an even greater effect on the unit cell dimen-
sions of /3( Zn,Cd)S than does manganese (Kullerud, 1953, 
p. 116), but this is mo st likell due to the much larger tetra-
h edral radi u s of cadmium (1.48 ~FK 
~e}fn sphalerite the Zn-S bond distance is 2.35 R, and in 
chalcRpyri te the Cu-S and the Fe-S distances are 2. 32 R and 
2.20 A, respect ively. 
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meta ls with lesser ionic tendencies would be concentrated in 
chalcopyrite. For those elements similar to iron in respect 
to ionic character, other factors might be decisive. Moreover, 
it is doubtful that the degree of ionic character of the M-S 
bond is an important factor in the partition of trace elements 
between chalcopyrite and sphalerite unless other factors such 
as atomic size are favorable. 
Germanium 
Among the four minerals under consideration, sphalerite 
is the principal host for germanium . As much as 1000 ppm 
germanium has been found in the sphalerite investiga ted here, 
and similar amounts have been reported from the Mississippi 
Valley region (Graton and Harcourt, 1935; Stoiber, 1940; 
Warren and Thompson, 1945). Oftedal (1941) found as much as 
500 ppm germanium in sphalerite from Norway. 
A feature of germanium-rich sphalerite that was noticed 
in these investigations is a yellowish-orange to ruby red 
color in the more iron-poor varieties. The actual shade of 
color appears to depend upon the ratio of germanium to iron, 
the darker reds being associated wi th higher iron contents. 
If the iron content exceeds a certain but unknown amount, 
however, the reddish color is no longer apparent, and the 
germanium-rich sphalerite is then brown. 
Chalcopyrite also contains germanium, but in much smaller 
amounts than sphalerite. The largest amount found (200 ppm) 
is in the chalcopyrite of a pitchblende- bearing specimen from 
the San Rafae l district, Utah (district 141). Goldschmidt and 
-89-
Peters (1933) found as much as 50 ppm germanium in chalco-
pyrite from Butte, Mont-ana, and in the present investigations 
a similar amount (40 ppm) was found in a sample from the same 
district (table 4, district 172). 
Germanium was not detected in any of the pyrite samples 
analyzed here, and this, together with the similar experiences 
of others (Goldschmidt, 1954, pp. 386-387), clearly indicates 
that pyrite does not readily accept germanium. Furthermore, 
judging from the work of Oftedal (1941) and, except for one 
sample, from the present investigations, a similar conclusion 
can be drawn for galena. The single exception is the galena 
from specimen number N-139 (table 7, district 106), and the 
sphaleri te from this specimen contains· the most germanium 
found in the present investigations (greater than 1000 ppm). 
Moreover, the galena sample is plainly contaminated with 
jordanite(?), the germanium content of which is unknown. 
The problems connected with the distribution of germanium 
among the four sulfides are essentially the same as those 
involved in the distribution of gallium. The fact that germa-
nium, like gallium, tends to form tetrahedral sulfide struc-
tures is the most logical reason for its concentration in 
sphalerite and chalcopyrite instead of in minerals with non-
tetrahedral structures like pyrite and galena. However, this 
does not explain the definite tendency for germanium, as well 
as gallium, to be concentrated in sphalerite in preference to 
chalcopyrite. Nor does this preference appear to be explained 
by any hypothesis involving changes in the composition of the 
solutions. The hypothesis of association of the metals prior 
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to deposition, in this case germanium with zinc, may be appli-
cable, but it does not appear to be as likely an explanation 
for germanium as for gallium, owing to the greater difference 
in chemical properties of germanium and zinc. There remains, 
then, the possibility, outlined in the discussion of gallium, 
that the difference in behavior of sphalerite and chalcopyri te 
as hosts for germanium may be related to differences in the 
character of the M-S bonds in the two minerals. A comparison 
of electronegativity values indicates that germanium, in a 
tetrahedral sulfide, should have about the same or slightly 
greater tendency toward ionic bonding than gallium, therefore 
it is more likely to be enriched in sphalerite. 
Indium 
ErMmetsM (1939}, in a detailed study of the indium con-
tent of many Finnish rocks and minerals, found that among the 
sulfides indium is concentrated in the following mi nerals, in 
order of decreasing amount: Sphalerite, chalcopyrite, bornite, 
and tetrahedrite. No indium was detected in 10 samples of 
galena, although in every instance sphalerite from the same 
mine contained indium in amounts up to 1000 ppm. These 
findings are in close a greement with those of Oftedal (1941 ) , 
who detected no indium in 47 samples of galena from various 
parts of Norway, although 75 percent of the sphalerites from 
the same region contain as much as 500 ppm indium. However, 
McLellan (1945, p. 635), without presenting any supporting 
evidence, attempted to refute these findings by claiming that: 
"In the co urse of treatment at the smelters and 
refineries the indium tends to concentrate with the 
zinc and the cadmium and this, no doubt, has given 
-91-
rise to the erroneous observation that indium occurs 
in nature largely in association with zinc minerals. 
Indium is frequently observed in relatively large quan-
tities in primary zinc sulfide 6res but its actual 
occurrence in them is typically in the galena associated 
with these zinc and cadmium minerals. 11 
The only support for McLellan's claim that has been found 
to date comes from analyses published by Anderson (1953), 
.according to which just one of 19 samples of sphalerite, 
mostly Australian and Tasmanian, contains an appreciable 
amount of indium (in excess of 100 ppm). No indium was de-
tected in the galena analyzed in the present study, although 
12 of the 15 galena samples are from polished sections that 
also furnished sphalerite samples, and seven of these 12 
sphalerite samples contain up to 300 ppm indium. In view of 
this and of the statistical fact that only one of 91 analyses 
of galena from various parts of the world report an appreciable 
amount of indium, it is concluded, despite McLellan's claims 
to the contrary, that indium is not concentrated in galena as 
compared with sphalerite. 
It is evident from table 4 that chalcopyrite also is an 
important host for indium, as it contains as much as 1000 ppm 
of the element. However, the evidence presented in figure 12D 
indicates that chalcopyrite is not as favorable a host for 
indium as is sphalerite. It would appear by analogy with 
gallium, which has similar orystallochemical properties and 
distribution, that the factors which determine the distribution 
of indium and gallium between sphalerite and chalcopyrite are 
somewhat similar. Hence the ' arguments presented in attempts 
to explain the preference of gallium (and germanium) for 
sphalerite probably can be applied to the similar behavior 
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of indium. 
Pyrite also contains indium, but apparently in quanti-
ties not much greater than 30 ppm. The relatively slight 
tendency for indium to occur in the octahedral pyrite struc-
ture apparently reflects its very strong preference for the 
tetrahedral structures, as shown by many of its compounds 
such as InSb, InAs, InP , and Ins (metastable }. 
Manganese 
Manganese occurs in appreciable quantities in all four 
of the minerals investigated; but sphalerite is by far the 
best host, for it contains as much as 40,000 ppm (4 percent) 
manganese. Although this maximum value is about twice the 
maximum amount of cadmium found in the sphalerite of the 
Southwest, the regional avera ge manganese content is about 
1700 ppm and is therefore somewhat less than the regional 
average cadmium content (5500 ppm). 
Kullerud (1953) has shown that the substitution of man-
ganese for zinc in sphalerite causes a large increase in the 
unit cell dimension and in the M-S bond distance. Inasmuch 
as the covalent radius of manganese (l.26 ~F is even smaller 
than that of zinc (1.31 ~FI the increase in the M-S bond dis-
tance is interpreted as being probably the result of an in-
creased ionic character imparted to the bonds by manganese . 
Furthermore, because the increase in bond distance is greater 
for manganese than for iron, it is probable that the M-S bond 
in (Zn,Mn)S mixed crystals is more ionic than in (Zn,Fe)S 
mixed crystals. Such an interpretation finds additional 
support in a comparison of electronegativity values, for the 
-93-
electronegativity of manganese (1.4) is considerably less than 
that of iron (1.65) or zinc (1.5). 
It is somewhat surprising to find that galena rather than 
pyrite or chalcopyrite ranks second as a host for manganese 
(cf. figure 11). Manganese occurs in all but one of the 
galena samples analyzed, and in amounts up to 1000 ppm. There 
is little doubt that it occurs in substitutional solid solu-
tion in galena, and the reason becomes apparent when it is 
realized that alabandite, the stable form of MnS, has the same 
crystal structure as galena (NaCl type) and a unit cell 
dimension that differs from galena by only 0.72 ~K This would 
mean that the effective radius of manganese in the galena 
structure differs from the lead radius by about 12 percent, 
well within the range of ready substitution. Another feature 
common to manganese and lead is a somewhat anomalous behavior 
in sulfides with respect to bond type. Actually, it is largely 
because of this anomalous behavior that the sulfides of lead 
and manganese are so similar and that manganese substitutes 
for lead in galena so readily. 
The present data suggest that manganese shows a slight 
preference for galena over pyrite, the third ranking host 
mineral. Manganese occurs in amounts greater than 10 ppm in 
all 10 of the pyrite samples analyzed, and the largest amount 
is 3000 ppm. This observation contradicts the statement made 
by Goldschmidt (1954, p. 624): 
"That there is a. fundamental difference in the type 
of bonding between FeS2 and MnS2 is also indicated 
by the fact that manganese never enters into natural 
iron pyrite crystals, in spite of the rather close 
similarity of both the metallic radii and ionic 
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rad ii of the two elements." 
Actually, it is probably just these simi larities, as well 
as a similarity in the electronic configurations of the t wo 
elements, that accounts for the presence of the considerable 
amounts of manganese that are found in pyrite. 
Chalcopyrite apparently contains the least manganese of 
the four minerals under consideration , although the difference 
between chalcopyrite and pyrite is so slight as to be of 
little significance. 
chalcopyrite is 8000 
The maximum amount of manganese found in 
ppm, but there are many samples in which 
manganese was not detected. 
The strong preference of manganese for sphalerite over 
chalcopyrite (figure 12E) poses nearly as many difficulties 
of explanation as does t he similar beha vior of cobalt. The 
closer similarities in electronic configurations and covalent 
radii between manganese and iron, as compa red wi th zinc, 
indicate that the iron-bearing chalcopyrite should be at least 
as favorable a host as sphalerite for manganese. That it is 
not may indicate that the more ionic Mn-S bond makes the more 
ionic sphalerite structure a better ho st for manganese t han 
the less ionic, more metallic chalcopyrite structure. Thi s 
is essent ially the same explanation that wa s proposed for the 
distribution of ga llium, germa n ium, i ndium, and perhaps 
cadmium and cobalt. 
Molybdenum 
Molybdenum shows no great p reference for any one of the 
four minerals under considera tion, nor does it tend to occur 
in large amounts in the s ulfides, except in molybdenite. 
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The largest concentrations of molybdenum that have been found 
in molybdenite-free material are 400 - 500 ppm in chalcopyrite 
and 200 - 300 ppm in sphalerite. The largest amounts that 
have been found in pyrite and galena are 40 ppm and 30 ppm, 
respectively, but a comparison of sample pairs indicates that 
there is essentially as much molybdenum in these two minerals 
as there is in chalcopyrite. 
A comparison of the chalcopyrite-sphalerite pairs reveals, 
as shown in figure 12F, that molybdenum is slightly more con-
centrated in chalcopyrite than in sphalerite. This is in 
contrast to the behavior of most of the other elements consid-
ered so far, and apparently reflec t s a different nature of the 
molybdenum atom, as well as a possible concentration effect in 
the solutions. Its covalent radius (1.36 ~F is intermediate 
with respect to the major elements of the minerals concerned 
and, accordingly, it might be expected to occur in substitution 
for any one of these elements. Molybdenum has very little 
tendency to form tetrahedrally directed bonds, so there is no 
reason to expect its concentration in the tetrahedral sulfides, 
such as chalcopyrite and sphalerite. However, quadrivalent 
molybdenum has a strong tendency to form bonds that are direc-
ted toward the corners of a trigonal prism, as in molybdenite, 
and inasmuch as the interbond angles of this arrangement are 
not greatly different from the octahedral bond angles, as in 
pyrite, it might be expected that this latter minera l wou l d 
be a preferred host for molybdenum. Similarly, the octahedral 
coordination of sulfur about lead in galena would make this 
mineral an equally good host for molybdenum, but the differences 
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in covalent and atomic radii of molybdenum and lead are very 
near the 20 percent limit. 
To summarize the behavior of mo lybdenum in the four 
minerals, pyrite, sphalerite, chalcopyrite, and ga lena, it may 
be said that none of the minerals is a pa rticularly good host. 
Perhaps this is the reason for the common occ urrence of 
molybden ite in association with these minerals. Of the four 
minerals, pyrite is a little the better host for molybdenum, 
probably beca u se of the more compatible coordination proper-
ties of molybdenum and iron in combination with sulfur. 
Nickel 
Nickel is strongly concentrated in pyrite, as shown in 
fi gure 11. The maximum amount of nickel in the analyses of 
pyrite in table 6 is 900 ppm, but this doubt less reflects the 
incompleteness of the prese nt data. Bannister (1940) has 
suggested that there is a complete series from bravoite, with 
a nickel to iron ratio of 1:1, to nickel-free pyrite. The 
preference that nickel shows for pyrite is readily explained 
by t he similarities in the atomic properties of nickel and 
iron , and the ability of nickel to form octahedral covalent 
bonds. 
Among the remaining three sulfides, ch alcopyrite is 
slightly p referred to sphalerite as a host for nickel (figure 
12G), and galena appears to be free of the element. The 
slight preference for chalcopyrite, in whi ch n icke l occurs in 
a mounts up to 500 ppm, p erh a p s is best explained by the 
similarities in the atomic properties of nickel and iron. 
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The absence of nickel from galena is understandable in view of 
the fact that the difference in covalent radius between nickel 
and lead is about 35 percent of the larger radius, too g reat 
for ready substitution of nickel for lead in galena. 
Silver 
Silver is very strong ly concentrated in galena, a fact 
that has been known for a long time. However, there has been 
a dispute as to whe ther the silver that has been reported in 
analyses actually occurs in solid solu tion in the galena or 
is the result of contamination by a silver mineral . Palache, 
Berman, and Frondel (1946, p . 202) state that the silver that 
has been reported is presumab ly the result of contamination, 
whereas Goldschmidt (1954, p. 407) claims that ga l ena can 
accept as much as 10, 000 ppm silver in solid solution at 
higher temperatures, although unm ixed metallic silver or 
silver sulfide usually is observed in such occurrences. The 
present studies clearly indicate that galena can contain more 
than 10,000 ppm silver without showing any si gns under the 
microscope of the unmixing of another silver-rich mineral. 
In fact, textures involving ga lena and silver-bearing minerals 
that co uld be reasonably interp reted as the result of unmixing 
have not been observed in these investi gations. 
Because the atomic and ionic radii of silver (1.44 Rand 
1.13 R, respectively) are considerably different from those 
of lead (1.74 Rand 1.32 R), Goldschmidt (1954, p . 408) 
doubts that the silver substitutes for lea d in the ga lena 
structure. He suggests, instead, that t he silver occurs in 
-98-
the interstices that occur at the centers of the tetrahedral 
g~oups of lead and of sulfur atoms, the dimensions of which 
are about right to accom$date the silver atom in tetrahedral 
coordination. In essence, this is the process of interstitial 
solid solution, so well known in metals but regarded as n ew 
for minerals by Goldschmidt. 
Among the other three minerals, sphalerite appears to 
contain the least silver, whereas chalcopyrite and apparently 
pyrite contain somewhat more . This order is not in full 
agreement with that - suggested by Goldschmidt (1954, p. 194), 
which is, in order of increasing silver content: pyrite, 
sphalerite, chalcopyrite, galena. Actually, Goldschmidt 
placed pyrite first because, to his knowledge, pyrite had 
never been proved to contain silver in solid solution. How-
ever, the results of the present investigations leave little 
doubt that some pyrite, which under the mineragraphic micro-
scope is seen to be free of contamination by any other miner-
als, contains as much as 1000 ppm silver. 
It might be argued that the magnifications obtainable 
with the mineragraphic microscope are not sufficiently large 
to exclude the possibility of extremely fine-grained mechanical 
admixtures of silver-bearing minerals in pyrite. But, if this 
view is held for the case in point, then it also must be held 
for other examples, such as cadmium in sphalerite, for which 
there is ample evidence (Kullerud, 1953; and others) that the 
cadmium occurs in true solid solution in sphalerite. Further-
more, the probability is small that a mechanical admixture 
would be so uniformly minute in grain size that none of t he 
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grains would be visible microscopically, although a situation 
such as this remains a possibility, judging from the occurrence 
of cryptoperthite in feldspars. 
Goldschmidt (1954, pp. 192-193) recognizes chalcopyrite 
as a host mineral for silver, especially from the so-called 
high temperature hydrothermal and magmatic deposits, but 
apparently rejects sphalerite, judging from the following 
statement (p. 193): 
"Earlier workers often alleged that zinc sulphide could 
be a host crystal for silver, but the spec trographia 
examination of very many lead-zinc ores, combined with 
a mi cro-metallographic investigation, demonstrates in 
nearly all cases that contamina tion by galena or other 
silver-bearing minerals is the cause of the alleged 
silver in sphalerite. Quite lately this has been 
demonstrated in a number of cases by I. Oftedal (1941) 
in the Oslo laboratory of the author." 
The results of the present investigations do not support 
the view that sphalerite is not a ho st for silver, fo r speci-
mens from which ga lena or other silver-bearing minerals are 
absent, at least microscopically, contain as much as 300 ppm 
or more of silver. But despite t he fact demonstrated here 
that silver occurs to an appreciable extent in uncontaminated 
sphalerite, figure 12H clearly indicates that sphalerite is 
a poorer host for silver than is chalcopyrite. Silver contents 
of 1000 ppm in uncontaminated chalcopyrite are common. 
The definite, although by no means extreme, preference 
of silver for chalcopyrite over sphalerite is not readily 
explained by differences in tetrahedral covalent radii, for 
in the tetrahedral lattices of chalcopyrite and sphalerite, 
silver (radius 1.53 ~F should substitute about as readily 
for zinc (1.31 ~F as for copper (l.35 ~F or iron (1.24 R). 
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However, in order to explain the p reference for sphalerite of 
gallium, germanium, indium, and manganese, the g reater ionic 
character of the M-S bond s associated with these meta ls can 
b e called upon. Conversely, a metal that has less ionic 
character in its M-S bonds might equally well be expected to 
p refer chalcopyrite, especially if the bond is more me tallic. 
Silver fulfills both of these latter requirements, and hence 
should be concentrated in chalcopyrite, as observed. Further-
more, it is probable that silver s ubstitutes mai n ly for copp er 
in cha lcopyrite. 
Tin 
Tin is the only one of the 15 elements so ught in the 
four minerals that shows a definite preference for chalco-
pyrite as a host (fi gure 11). It occ ur s in t he chalcopyrite 
samp les analyzed in these investigations i n amounts as large 
as 8000 ppm, but the re g ional average is about 200 ppm tin. 
By analogy with the mineral stanni te (Cu2FeSnS4), which is 
isostructural with chalcopyrite, it is evident that the tin 
in chalcopyrite is in the divalent state. Also by t h is anal-
ogy, it is s ugg ested t ha t the tin in cha lcopyrite occurs in 
substitution for iron, and t hi s lea d s to a n interesting 
speculation concerning the po ssibility of a solid solu tion 
series between chalcopyrite and stannite. In t hi s connection, 
Go ldschmidt (1954, p. 394) points out that: 
"Many cases are known in which tin in s ma ll amounts 
enters sulphide minerals of other heavy meta ls, 
especially at hi gher temperat ure , and is aga in 
segrega ted at lower tempera t ur e s because of a 
decrease in solubility, usually as droplets of 
stannite." 
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Such relationships were not observed in the present 
investigations. In fact, stannite was not identified in any 
of the specimens represented by analyses in table 4. However, 
it is possible that not enough tin was present in the sulfide 
phase initially and hence did not unmix . If this is true, 
and there appears to be no other reasonable alternative, it 
may be concluded that even at the lower hydrother ma l temper-
atures chalcopyrite can contain 5000 ppm or more tin in solid 
solution. 
Pyrite from the more tin-rich re g ions contains as much 
as 1000 ppm tin, and the data available indicate t hat this 
mineral is as preferred a host for tin as is sphalerite. The 
substitution of appreciable amounts of tin for iron in pyrite 
perhaps is best explained by the fact that tin tends to form 
octahedrally directed bonds by utilizing the unstable d 
orbitals of the valence shell of electrons (Pauling, 1948, 
p . 184). In this coordination, tin has an effective radius 
of 1. 45 ~ and hence is not so greatly different from iron 
(l.23 i) that the substitution of tin for iron cannot readily 
take place. 
On the other hand, in stannite, as well as in chalco-
pyrite and sphalerite, tin exhibits its even grea t er tendency 
to form tetrahedral ~P bonds, wh ich result in an effective 
radius of 1 .40 R. The sli ght enrichment of tin in chalco-
pyri te as compared with spha l erite (fi gure 121) probably is 
due to the similarities in bond characteristics of tin and 
iron, and to the closely similar lattice constants of chalco-
pyri te and stannite. If the relationships between tin and 
-102-
iron are important factors in the selectivity of tin, then it 
might be expected t hat iron-rich sphalerite, in general, would 
be richer in tin than iron-poor sphalerite. 
According to Goldschmidt (1954, p . 395): 
111. Of tedal observed in a number of cases, when both 
sphalerite and ga lena were present in the s ame ore 
deposits, that tin at higher temperatures prefer-
entially entered into the lead sulfide and at lower 
temperatures preferentially or exclusively into the 
zinc sulfide." 
Although the present data on ga lena are incomplete, and 
there appears to be no reliable criterion for distinguishing 
high temperature from low temperature sphalerite and ga lena, 
the pre sent investigations do not support Of tedal's interpre-
tation. In fact, if Lindgren 1 s classification of ore deposits 
is valid, and if t he deposits that are represented by the 
present data have been properly classified, one mi ght arrive 
at a conclusion opposite to that drawn by Ofteda l. 
A maximum of 300 ppm tin was f ound in the ga lena analyzed 
in these investigations, and Of t edal (1941) and Schroll (1952) 
report simi lar maxima for t h e tin content of galena from 
Norway and from southern Europe. The occurrence of consider-
able a mounts of tin in ga lena may be expla ined by the simi-
larities in both covalent and ionic radii of tin and lead, 
and by the fact t hat tin tends to form octahedral bonds*· 
Thus, tin is a prospective substituent for lead re gardless 
of the final decision as to the exact nature of the bonding 
between lead and sulfur in galena. That tin is not present 
~~doldschmidt (1954, p. 406) has found that SnSb is isomorphous 
with PbS. 
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in greater amounts in galena perhaps reflects its preference 
for the tetrahedral structures. 
Tellurium 
Tellurium occurs in amounts as larg e as 1000 ppm in the 
galena of the Southwest, and a similar maximum is reported 
in Norwegi an galena by Goldschmidt (1954). Warren and 
Thompson (1945) reported small amo unts of tellurium in t wo 
sphalerite samples from British Columbia; and one sphalerite 
samp le from Arizona that was ana l yzed in the present work 
contains 300 ppm tellurium . Pyrite and uncontaminated chalco-
pyrite do not appear to contain tell urium in a mounts greater 
than 100 ppm, the limit of spectrographic sensitivity. How-
ever, Hawley (1952) reports s ma ll but undetermined amounts 
of tellurium in the pyrite of some Canadian g old ores. 
A comparison of the Pb-S interatomic distance in ga l ena 
(2.97 ~F with the Pb- Te distance in the isomorphous altaite 
(3.21 ~F reveals tha t the radius of te l lurium in substitution 
for sulfur in ga lena is only about 13 percent large r than the 
radius of sulfur. On the other hand , tellurium in tetrahedral 
coordination, as in chalcopyrite, sphal er ite, and pyrite, has 
a radius of 1.32 ~D which is about 21 percent larger than the 
radi u s of sulfur (l . 04 ~}K The reasons are apparent, therefore, 
for the preference that tellurium shows for galena. 
Thallium 
Chalcopyrite and pyrite were not analyzed for thallium in 
the p resent work, hence little can be said concerning t h e dis-
tribution of this element in the sulfide ores of the Southwest. 
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The largest amount of thallium was found in galena (600 ppm), 
the only thallium-bearing galena analyzed. The most thalli um-
rich sphalerite, which contains 300 ppm, was obtained from the 
same polished section as the thallium-rich galena; hence, there 
is some suggestion that galena is a more favorable host than 
~phalerite for thallium. Apparently it was a simila r observa-
tion that led Goldschmidt (1954, ~ 338) to state: 
"In point of fact the author and his co-workers 
have never observed thallium as a constituent of natural 
iron di sulphide. VVhere it has been found in such ores 
it is almo st certainly connected with the presence of 
galena. In a recent monograph by I. Oftedal (1941) on 
spectrographic investigations of the minerals from 
Norwegian zinc ores, thallium was found exclusively in 
galena and in amounts up to 500 p.p.m. Tl. It was often 
accompanied by bismuth in the . galena, and it is probable 
that one atom each of thallium and bismuth replace two 
a toms of lead. 
It is significant that the two related elements 
indium and thallium behave so differently when enter-
ing sulphide minerals. This is certainly due to differ-
ences in radii. The smaller indium invariably replaces 
zinc in sphalerite, while the larger thallium replaces 
lead in galena. It is not known whether the revelant 
radii in these minerals are ionic, metallic or tetra-
hedral covalent radii." 
It is true that the few thallium-bearing Norwe g ian ores 
that Of tedal (1941) analyzed indicate that ga lena is the 
principal host for thallium, but even prior to Oftedal's work 
Stoiber (1940) demo)trated that spha lerite from European zinc 
ores of "Mississippi Valley type" contains as much as 0.1 to 
1.0 percent thallium. This was corroborated by Everard 
(1945), who found thallium in every one of 21 sphalerite 
samples from Be l g ian ores of t h e same type included by Stoiber. 
Futhermore, Schroll (1950; 1951), in a study of the lead-zinc 
ores from more t ha n 40 deposits in southeastern Europe, 
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demonstrated that many of the sphalerite samples not only are 
thallium-bearing, in amounts as large as 1000 ppm, but that 
for a g iven deposit the sphaleri te contains more thallium 
than the ga lena. Thus, it wou l d appear that the conclusions 
concerning the exclusiveness of galena with respect to thallium 
are sooewhat premature. 
I n connection with the statement quoted above, it mi ght 
be mentioned that Schroll (1951) found no direct relationship 
between thallium and bismuth, as was first sugg ested by 
Oftedal (1941). Therefore, it is doubtful t h at thallium and 
bismuth occur in paired substitution for two lead atoms in 
galena in most cases; instead, they appear to behave entirely 
independently. Actually, unless one has preconceived ideas 
concerning the true nature of the Pb-S bond, it is not neces-
sary to search for a trivalent element such as bismuth which 
could occur in paired substitution with univalent thallium,for 
both the atomic and covalent radii of thallium and lead differ 
by less than two percent. But if it . is assumed that the bond-
ing between lead and s ulfur in galena is largely ionic, it 
then becomes necessary to call upon some mechanism s uch as 
paired substitution to account for the presence of thallium. 
In view of the finding s of Schroll (1950; 1951), the 
conclusion by Goldschmidt that the very different behavior 
of the related thallium and indium when entering sulfide 
minerals certainly is due to differences in radii has very 
little meaning . Actually, such a conclusion does not seem 
warranted on theoretical grounds alone, for the tetrahedral 
radius of thallium (1.47 R) is nearer that of zinc (l.31 E> 
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t h an is the ra d i u s of cadmi um (l .48 A) , and cadmium substi-
tutes rather freely for zinc i n sphalerite. Furthermore, 
the tetrahedral radius of indium (1.44 ~F is almost insig-
nificantly smaller than the radius of thallium. 
Summary Statement 
An attemp t has been made i n the fore going di scussions 
to demonstrate that the di stribution of the trace e lements 
among the four sulfides, pyrite, s phaleri t e , chalcopyrite, 
and galena is not determined by any single fundamental factor, 
but that each element behaves according to its properties and 
to the relationsh ips of its properties to those of the con-
stituent elements in the host minerals. This does no t mean 
there is no s y stem or order to the distribution, but it does 
mean that t h e observed distribution generally is the result 
of t he i nte rplay of seve ral factors, all of which have not 
been considered in these discussions. 
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Trace Element Content of Sulfides Related to Type of Deposit 
Attempts to associate certain minor and trace elements, 
or certain concentrations of elements, with particular types 
of ore deposits have been one of the chief concerns in nearly 
all the researches into the distribution of minor and trace 
elements in sulfide minerals since the very early work of 
De Launay and Urbain (1910). Except for this earliest work , 
in which more emphasis was pla ce d on depth~~I the general 
tendency has been to relate the minor and trace element con-
tent of certain sulfides, especially sphalerite, to the tem-
perature type of deposit, most ly in terms of the Lindgren 
classification. 
Thus Stoiber (1940) concluded that antimony and arsenic 
are concentrated only in sphalerite from low temp erature 
deposits, and Hawley (1952) found the most arsenic in pyrite 
from low temperature g old deposits . The bismuth content of 
sphalerite, on the other hand, appears to increase with in-
creasing temperature of formation, according to De Launay and 
Urbain (1910) and Goldschmidt (1954). Goldschmidt (1954) and 
Graton and Harcourt (1935) found that the cadmium content of 
sphalerite genera lly increases with decreasing temperature 
of formation, whereas Stoiber (1940) and Warren and Thompson 
(1945) found less cadmium in low temperature sphalerite ores 
than in mesothermal ores. However, all a gree that sphalerite 
~~qhe depth concept of De Launay is not wi thout its temperature 
significance. Furthermore, it carries with it an epoch, and 
consequently a province , connotation; i.e., ores deposited at 
a particular depth and hence in a particular temperature range 
are characteristic of certain epochs in certain regions. 
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from high temperature deposits generally contains the least 
cadmium. Goldschmidt (1954) concludes that pyrite and sphal-
erite from high temperature deposits generally contain the 
most cobalt, but he notes that Oftedal found the most cobalt 
in mesothermal pyrite. 
There appears to be general agreement that the ga llium 
content of sphalerite increases with decreasing temperature 
of formati on (Graton and Harcourt, 1935; Stoiber, 1940; Warren 
and Thompson, 1945; Goldschmidt, 1954). There also is general 
a greement that germanium is concentrated in sphalerite from 
low temperature deposits (De Launay and Urbain, 1910; Graton 
and Harcourt, 1935; Abramov and Rusanov, 1938; Borovick and 
Prokopenko, 1938; Stoiber, 1940; Oftedal, 1941; Warren and 
Thompson, 1945; Fleischer and Harder, 1946; and Goldschmidt, 
1954). 
Indium is concentrated in sphalerite from hi gh tempera-
ture deposits, according to Graton and Harcourt (1935), 
Abramov and Rusanov (1938), Borovick, Vlodavets, and 
Prokopenko (1938), Borovick and Prokopenko (1941), Prokopenko 
(1941), and Goldschmidt (1954); but according to Abramov and 
Rusanov (1938), Stoiber (1940), Oftedal (1941), and Warren 
and Thompson (1945), the greatest amount of indium occurs in 
sphalerite from intermediate temperature deposits. At least 
there is general a greement that sphalerite from low tempera-
ture deposits contains the least indium. However, Fleischer 
and Harder (1946) find no such correlation between the indium 
content of sphalerite and t h e t yp e of deposit. 
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Warren and Thompson (1945 ) found the greatest amount 
of manganese in sphalerite from high temp erature deposits 
and the least from low temperature deposits. Molybdenum is 
concentrated in sphalerite from medium temperature deposits, 
accord ing to Stoiber (1940). Graton and Harcourt (1935) 
believe that silver is more abundant in sphalerite from 
medium to low temperature deposits, whereas De Launay and 
Urbain (1910) have arrived at the opposite conclusion. The 
tin content of sphalerite g enerally is highest in higher 
temperature ores, except in British Columbia where Warren 
and Thompson (1945) found the greatest amount of tin in 
sphalerite from medium temperature deposits. 
The fore going summary of the behavior of trace elements 
in sphalerite from different types of ore deposits, as ob-
served by several workers, reveals that for some elements, 
notably germanium, there appears to be a correlation betwe en 
the amount present and the type of ore deposit; for other 
elements, such as indium and silver, the correlation is poor; 
and for many others the data are insufficient to permit 
generalizations. Before definite conclusions are drawn, it 
should be recognized that the sampling of the so-called low 
temperature deposits is somewhat biased. Fully half the data 
that concern l ow temperature deposits represent only t wo 
re gions, the Mississippi Valley re g ion and the reg ion of 
Europe that contains deposits of "Mississippi Valley type". 
Hence the data probably are undu ly influenced by the sphal-
eri te from two reg ions that, perhaps accidentally, have some-
wha t similar trace element contents, although there are 
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considerable differences as shown by Stoiber (1940) and Morris 
and Brewer (1954). 
It is possible, on the basis of evidence that still is 
suggestive, that low tempera t ure zinc sulfide deposits in sed-
imentary rocks, the constituents of which obvio u sly have been 
transported considerable distances ( 111'iiississippi Valley type"), 
could be richer in germanium than other types of deposits. 
This is not so much because of low tempe rature, but because of 
environment. That is, in passing through carbonaceous sedi-
ments, the solutions from which the s phalerite eventually was 
deposited might have acquired the germanium that now is 
concentrated in the sphalerite. This mechanism was considered 
originally as a possible explanation for the appreciable 
germanium content of the chalcopyrite that occurs, in associa-
tion with pitchblende, as a replacement of fossil wood in 
certain of the Colorado plateau uranium deposits (see table 4, 
districts 141 and 143). 
If the 11Mississippi Valley type" of deposit is excluded 
from consideration, the present evidence does not support the 
premise t ha t s phalerite from epither~al depo sits is richest 
in ger manium. Nor does it appear that t he over-all trace 
element content of either sphalerite or ch alcopyrite is, in 
general, closely related to the t ype of deposit in which the 
mineral occurs. This could mean that the deposits studied 
here are not properly classified, or that the trace element 
content of sphalerite is not sensitive to temperature differ-
ences such as exist between epithermal and mesothermal 
conditions, or that the classification ha s relatively little 
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temperature significance as far as the majority of Cordilleran 
sulfide ore deposits are conc erned. All these explanations 
are considered meritorious and make the classifying, according 
to temperature, of the ore deposits listed in tables 4 - 7 
unwarranted. Furthermore , many deposits are placed in one or 
the otI'-er (sometimes mo re than one} temperature category of 
the Lindgren classification on the basis of their miner alogy , 
and the mineralogy is determi ned to a very great extent by the 
chemical composition. Hence, inasmuch as the trace elements 
are controlled by the same processes that control the major 
component elements of the ores, it is p robable that the 
chemical hi story, including the composition of the source 
material, is at least as i mportant as the so-called tempera-
ture type of deposit in determining the trace element content 
of the sulfide minerals. 
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THE GEOGRAPHI C DIS'I1RIBUTION OF TRACE ELEMENTS 
General Statement 
The existence of a distinct geographic distribution of 
trace element s in certain primary sulfide minerals was reco g-
nized very early by De Launay and Urbain (1910), but little 
emphasis was placed o n the geographic or province aspe ct of 
the distribution until Stoiber (1940) pointed out that: 
"A closer similarity in composition of sphalerite 
from a single metallogenetic group of deposits than 
from deposits of a single temperature group suggests 
a further correlation between minor element content 
and the geology of sphalerite occurrence." (p. 513) 
11 Sphalerite from the same metallogenetic group 
of deposits contains similar kinds and a mounts of 
constituent s but the composition of sphalerite from 
each region is distinctive. 11 (p. 518) 
This concept of a metallogene tic group that is cha racter-
ized by a distinctive trace element content in spha lerite was 
enlarg ed upon by Warren and Thompson (1945, p. 334) who 
concluded that: 
"Metallogenetic provinces or zones are of primary 
importance in establishing the minor element content 
of sphalerite . Within a meta llogeneti c province or 
zone, the temperature and type of deposit in which the 
sphalerite occurs are important, but not determining 
factors. 
There a ppea rs to be a tendency for each m1n1ng 
camp in We stern Canada to exhibit a characteristic 
assembla ge of minor elements. This tendency is re-
flected in part by the mi nor elements whi ch appear 
in sphalerite. There are severa l instances of one 
or more mines situated on t he same , or intimately 
related lodes, exhibiting a striking similarity in 
their minor e l ement content. However, in view of 
the fact that sufficient collaborative results are 
not yet available, no final conclusions relative to 
mo st of these minor areas may ye t be made . Never-
theless, further work may profitabl y be carried on 
in this fie ld: there is every indication t ha t 
detailed studies will show that each important 
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orebody has a ch aracteristic mineral assembla ge 
and, furthermore, a characteristic minor element 
distribution in those minerals." 
It is c l ear, then, that t he concept of metallogenic 
provinces that are defined by the trace or minor element 
content of primary sulfide minera ls has been fairly well 
developed previously . It is also clear that more detailed 
and comprehensive studies of the distribution of trace elements 
in pri mary sulfides are needed in order to p rove or disprove 
the reality of such provinces, and to define some of t hese 
provinces if they d o exist. Thus , in the d iscussion that 
follows, it is shown that a def inite geographic di stribution 
of trace elements in certain primary sulfides (chalcopyrite 
and sphalerite) exists . Moreover, some of the features of 
the p rovinces thus defined in terms of the distribution of 
certain individual trace elements are described. 
Statistical Analysi s of the Di stribu tion of Trace Element s 
In order to demonstrate the existence of a definite geo-
graphic distribution of trace e lement s in chalcopyrite and 
sphalerite, it is necessary to determine whether the de gree 
of variation in the avera g e concentration of a particular 
element in one or the other of these minerals among the 
mining districts is significantly greater than the degree 
of variation among the individual samples from a sing le 
mining district . Statistically, the hypothesis to be tested 
is that the "between group variance 11 (the variance among all 
the mining districts together) is not si gnificantly different 
from the "within group variance" (the variance within each of 
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the mining districts) . If the results of the test cause this 
"null hypothesis" of equal variance to be rejected, it can be 
assumed, with a predetermined p robability (level of signifi-
canoe), that there is a si gnificant difference in the vari-
ances, and consequently that there is a definite g eographic 
distribution of the particular element . In order to reduce 
the risk of rejecting an hypothesis that actually is true, 
a level of significan ce ct.= .005 is selected. Thus , if the 
hypothesis of equal variance is rejected at t his level of 
si gnificance, there are less than five chances in one 
thousand that an error has been comm itted. 
An assumption that underlies the simp ler tests of the 
hypothesis of equal varianc e is that the deviations from the 
mean are normally distributed. This a ssumption was tested for 
the deviations from the arithmetic mean of t he tin content of 
chalcopyrite and was found invali d , owi ng to a strong positive 
skewness (fi gure 13!) . However , the deviations of the loga-
rithms of the tin content from the geometric mean very closely 
a pprox i mate a normal distributio~•I as shown in fi gure 13B. 
Therefore, t h e hypothesis of equal variance is tested on the 
assumption that the deviations of the logarithms of t he con-
centrations from the g eometric mean are normally distributed . 
-i~Ahrens (1954) found that the variat i ons in the trace element 
content of i gneous rocks closely approximate a lognormal dis-
tribution; and that trace element concentrations , in general, 
can be assumed to be distributed lo?normally has been demon-
strated very con vinci ngly by Krig e ~19RO a,b) and by Sichel 
(1952) for g old assays i n some African gold mine s. 
-lll+a 
Figure 13. A, A frequency histogra m of the percent deviations 
from the arithmetic mean tin content of ch alcopyrite with-
in each mining district. The strong p ositive s k ew indi-
cates that the deviations are no t normally distributed 
about the arithmetic mean. B, Frequ ency histograms of t h e 
logarithwic deviations from the g eometric mean tin content 
of cha lcopyrite within each mining d istrict (heavy lines) 
and a mong all t h e mining districts (light lin es). In order 
that the t wo histograms enclose equal areas, and hence be 
directly comparable, the "between group 11 frequency scale 
is ma d e 124/ 59 ( Nvi../Nb) larger than the "within group 11 
frequency scale. 
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The analysis of the data in table 4 for the tin content 
of cha lcopyri te is summarized in table U~:-K A comparison of 
Table 8 
Ana lys is of Variance of Tin in Cha lcopyrit e 
Source Sum of Degrees of s2 F of Va riation Squares Freedom 
Between Groups (Among 37.67 54 0.711 
all mining districts) 
3.s4 II 
Within Group s ( Within 22.94 124 0.185 
each mining district) 
F 0 • 995 (54,124 ) = 1. 79 (Dixon and Massey, 19 51, p. 313) 
the computed variance ratio (F) with the critical variance 
ratio at the .005 level of si gnificance clearly indicates 
that the hypothesis of equal variance must be rejected. Hence, 
it is concluded that the variat i ons in the tin content of 
chalcopyr i te a mong the mining districts are significantly 
greater than the variations within each mining district. This 
same conclusion is readily surmised from a comparison of the 
frequency h istog ra ms shown in f i g ure 13B. The frequency 
histogram shown in heavy lines represents t he distribution of 
the lo garithms of t he tin concentrations about the means for 
each of the mining d istricts, and the frequency histogram 
shown in light line s represents the distribution of t he d istrict 
geometri c means a b out the grand mean for all the mining dis-
tricts in t h e samp le. The two his to grams enc lose equa l areas 
and are t herefore comparable. 
*The general form of this table wa s adopted from Kr umb e in and 
Miller (1953). 
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A similar analysis of variance of the cadmium content of 
sphalerite yields t h e results summarized in table 9 and 
fi gure 14. Agai n it is clear that the hypothesis of equal 
variance must be rejected. Cadmium is of p articular interest 
Table 9 
Analysis of Variance of Cadmium in Sphalerite 
Source Sum of Degrees of s2 F of Variation pqua1~es Freedom 
Between Groups (Among 
all mining districts) 2.79 63 0 .044 
Within Groups ( Within 3.79 II 
each mining district) 2.08 177 0 . 0 12 
Fo,99 5(63,177) = 1. 53 (Dixon and .Massey, 19 51, p . 313 ) 
because of the relatively small range in its content in 
sphalerite thro ughout the Cordilleran reg ion, the total 
variation being li ttle more than tenfold. This i s reflected 
in the s mall between- gro up variance (s2 = 0.044 ) as compared 
with tin (s2 = 0.711 ). Also of interest is the very small 
within-group variance, which emphasizes the remarkably uniform 
cadmium content of sphalerite within most mi n ing districts. 
The tin content of chalcopyrite and the cadmium content 
of sphalerite have been selected for statistical analysis 
because an inspection of tables 4 and 5 indicated that these 
elements perhaps show the strongest tendency toward a defin ite 
geographic distribution. Consequently , they cannot be cons i d-
' 
ered as representative of the elements, the distribu tion of 
which is sh own in the maps of p lates 1 - 12. In order to 
obtain a more accurate a ppraisal of the general validity of 
- 117a -
Figure 14. Frequency histograms of the logarithmic devia-
tions from the geometric mean cadmium content of 
s phalerite within each mining district (heavy lines) 
and a mong all the mini~g districts (light lines). In 
order that the t wo histograms enclose equal areas, and 
hence to be directly comparable, the "between group '' 
frequency scale is made 177/63 (Nw/Nb) larger than the 
"wi thin group " frequency scale. 
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the features shown on these maps, another statistical analysis 
was made of the cobalt content of sphalerite, which is consid-
ered typical of the elements represented in plates 1 - 12. 
The results of this analysis are summarized in table 10 and 
shown graphically in fi gure 15. Once a gain it is c l ear that 
· Table 10 
Ana l ysis of Var iance of Cobalt in Sphalerite 
Source Sum of Degrees of 
s2 of Variation Squares Freedom F 
Between groups ( Among 39.99 61 0 . 667 all mining districts) 
3.09 II 
Within groups ( Within 27.58 129 0 .216 each mining district) 
Fo.995(61 ,129 ) = 1 . 75 (Dixon and Massey, 1951, p. 313) 
the hyp othesis of equal variance must be rejected, and that 
there is a significant difference in the variances . 
It should be emphasized that all available data have been 
uti li zed in the statistical analyses that have been summarized 
in t he fore going ; i.e., every mining district tha t is repre-
sented in tables 4 and 5 by more than one spectrochemical 
analysis is included in the statistical analyses. Although 
this procedure furnishes the mo st accurate statistical infor-
ma tion concerning the data utilized in the construction of 
p lates 1 - 12, it does not pe r mit a precise evaluation of the 
variances that actually exist within each of the mining dis-
tricts. The reasons are that much material was utilized in 
the present studies about which nothing is known firsthand 
-119a-
Figure 15. Frequency histograms of the logarithmic devia-
tions from the g eometric mean cobalt content of sphal-
eri te within each mining district (heavy lines) and 
among all the mining districts (light lines). In 
order that the t wo histograms enclose equal areas, and 
hence be directly comparable, the "between group" fre-
quency scale is made 129/62 (Nw/Nb) larger than the 
"within group" frequency scale. 
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and hence some of which is likely to be incorrectly labeled; 
and the data are g rouped into arbitrary geographic units, the 
mining districts, the ·sizes of which are greatly different in 
different regions . 
An estimate of the effect these two factors might have 
on the within-group variance can be obt ained by a comparison 
of the within-group variance of a group of samples, the 
sources of which are known , with the with in- group variance 
of all the data. Thus, an analysis of variance was made of 
the tin content of cha l copyrite that was collected by the 
writer or was obtained firsthand from t he co l lector. This 
analysis is summarized in t able 11, and a comparison with 
table 8 reveals that the within-group variance of the reliable 
Table 11 
Analysis of Variance of Tin in Selected Samples of Chalcopyrite 
Source Sum of De gree of s2 F of Variation Squares Freedom 
Be t ween Group s (Amonr 
all mining districts 16.52 18 0.918 
( Within 12 . 1 II Within Group s 3.39 45 0.076 each mining district) 
Fo.995(18,45 • 2.62 (Dixon and Massey, 19 51, p. 313) 
data is less than half the within-group variance of al l the 
data. It is also evident from the variance ratio ( F) in 
table 11 that if the sampling is completel y reliable and the 
geographic unit is the mine or relatively smal l gro up of mines, 
t he significance of t he differences in the 11di strict" avera ges 
would be even grea ter t han tables 8 - 10 indicate. It is 
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concluded, therefore, that there is no statistical reason to 
doubt the existence of a well defined g eographic distribu tion 
of trace elements in chalcopyrite and sphalerite. 
The Geographic Distribution of Trace Elements in Chalcopyrite 
The existence of a definite g eographic distribution of 
trace elements in chalcopyrite and sphalerite having been 
demonstrated with a fairly high de gre e of probability, there 
remain s the description of the salient featuresof the prov-
inces defined by this distribution. Therefore, in the 
discussion that follows, the g eographic distribution of each 
of the trace elements in chalcopyrite will be described in 
alphabetical order, with special emphasis placed on those 
elements that are represented in plates 1 - 6. 
Antimony 
It has not been possible to determine precisely the 
geographic distribution of antimony i n chalcopyrite for three 
reasons: (1) chalcopyrite does not readily accept appreciable 
amounts of antimony into its crystal structure; (2) the spec-
trographic sensitivity of antimony is relatively poor, a b o ut 
30 ppm, precluding a knowledge of the distribution of smaller 
quantities; and (3) antimony-bearing minerals, particularly 
tetrahedrite, commonly are associa t ed with chalcopyrite and 
therefore are potential contaminants i n many places. 
The high concentrations of antimony in galena from some 
areas, as shown in table 7, make this mineral a potential 
indicator of the g eographic distribution of antimony. 
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However, in the absence of sufficient data on t he trace 
element content of g alena, a g eneral idea of the g eo graphic 
distribut ion of antimony ma y be obtained from a k nowledg e of 
the distribution of silver (plates 4 and 11). Thi s is 
possible because, as noted p reviously, antimony nearly always 
is associated with g reater than avera g e amounts of silver 
(cf. tables 4, 5, and 7 ) , although the converse is no t true; 
i.e., silver-rich ores are not always antimony-rich. 
Arsenic 
The g eog raphic distribution of arsenic in ch alcopyrite 
is even more d ifficult to determine than t h e d i str ibution of 
antimony, because of t h e poorer s pectrographic sensitivity of 
arsenic (about 100 ppm} . However, the ch ances of contamina -
tion are not as g r eat because tennantite and enargite are 
considerably less abundant than tetrahedrite , and arsenopyrite 
does no t genera lly form i n tergrowth s with chalcopyrite. 
In general, arsenic is not common enough in spectrograph-
ically detectable amounts to permit the determination of its 
g eographic distribution. Furthermore, unlike antimony, 
arsen ic does not appear to be associated with silver or any 
other of t h e elements sought. This difference in beha vior 
between arsenic and antimony with resp ect to s ilve r is further 
exemplified by the rarity of argentian tennant ite as compared 
with argentian tetrahedrite (freib erg ite ) . 
Bismu th 
The g eog raphic dis tri buti on of bismuth is no t well 
defined owing to the e rra t ic behavior of t he bi s mu t h content 
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of chalcopyrite withi n many of the mining districts. There-
fore, no attemp t h as been made to evalua te its distribution 
quantitatively. However, in a very general way, it may be 
noted t h at bismuth is a more common constituent of chalcopyrite 
from deposits in sou thern Arizona and adjacent pa rts of Sonora, 
and along the belt that extends northwestward thro ugh the 
central part of Arizona to t h e Nevada border (plate 6) . 
Throughout the remainder of the Southwest, bismuth appears to 
be distributed spora di c a lly along the b elts of high comb ined 
trace element content that are shown in p late 6. 
It is possible t hat the erratic behavior of bi smuth in 
chalcopyrite is a consequence of its very strong preference 
for galena . That is, t h e amount of bismuth that is incorpo-
rated in the chalcopyrite lattice dur i ng crystallization from 
bismu th-bearing hydrother mal solu tions mi ght we l l dep end upon 
the amount of lead pres ent , as well as upon the concentration 
of bismu th. The higher than avera ge concentrations of bismuth 
in some of the ch alcopyrite analyses in ta b le 4 may be the 
res ult of contamination by ga lena, bu t nearly all t h e very 
hi gh bismuth contents occur i n samples that we r e associated 
in the polishe d section s with bismuth-bearing minerals such 
as bismu thinite. 
Cadmium 
No reliable data are available concerning t h e g eographic 
distribution of cadmium in chalcopyrite. The likelihood of 
contamination by admixed sphalerite, which contains essential-
ly all the cadmium in the avera ge base metal ores, is too 
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great to warrant any geo graphic interpretation of the cadmium 
analyses in table 4. 
Cobalt 
The geographic distribution of cobalt in chalcopyrite i s 
shown in plate 1. In the construct i on of this and t he other 
~aps in p lates 1 - 12, wherever an alterna tive existed in the 
direction of trend of the belts, the dist ribution of tin in 
chalcopyrite (plate 5) was used as a guide. The main reason 
for doing this is that tin exhibits a better defined and more 
consistent ge o graphic dis tribution than any of the other 
elements investiga ted. 
An interesting feature of the distribution of cobalt is 
the association of fair l y large amounts of it with the pitch-
blende-bearing ores in southeastern Utah (districts 141* and 
143). This association of cobalt with uranium, which a ppar-
ently is worldwide, leads to interesting speculation concern-
ing the cobalt-rich belt that extends from north central 
Mexico north-northwestward, probably to very near the New 
Mexico border. However, it shou ld be pointed out that although 
nearly all pitchblende or uraninite-bearing ores are cobalt-
iferous, not all cobalt ores are uraniferous. 
Another feature of the distribution of cobalt in chalco-
pyrite is the weakness of the Central belt through Arizona and 
the Eas tern belt in New Mexico and parts of Colorado. The 
fork in the Western belt in Nevada is problematical , for it 
*The cobalt content reported for district 141 mi ght be in 
error owing to possible contamination by cobaltite, which is 
present in the polished section. 
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is based on very scanty data. 
It is possible that cobalt is subject to enrichment and 
impoverishment factors similar to those that might affect 
bismuth. Tha t is, the presence of abundant pyrite, which is 
much t he better host for cobalt, could cause the chalcopyrite 
to become impoverished in this element. However , Gavelin and 
Gabrielson (1947) have found no such effect in the pyrite and 
chalcopyrite from the same s pecimen. Thus, if the pyrite 
contains a higher than average a mount of cobalt, the chalco-
pyri te generally contains a higher than average amount also. 
Germanium 
Ge r manium is a rare trace element in the chalcopyrite of 
the Southwest. The only really noteworthy occurrences are in 
the chalcopyrite from the Colorado plateau uranium deposits 
(districts 141 and 143), and from the copper ores of Butte, 
Montana (district 172). 
The occurrence of appreciable amounts of germanium in 
the chalcopyrite that, together with pi tchblende, replaces 
fossil wood, sugge sts the poss ibility that the germanium mi ght 
not have been orig inally associated with the sulfides, but was 
merely acquired by the chalcopyrite thro ugh t he replacement of 
slightly germaniferous fossil wood. This explanation is just 
an alternative to the hypothesis of a primary origin for the 
germanium, and it certainly cannot be the explanation for the 
presence of germanium in the chalcopyrite from Butte, Montana. 
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Indium 
The geographic distribution of indium in chalcopyrite is 
shown in plate 2. Important features of this distribution are 
the discontinuous nature of the belts, the northeast trend in 
Colorado along the ''Colorado mineral belt", and the east-west 
trend in Mexico. 
More important than the northeast trending belt in 
Colorado, however, is the area of very low indium content that 
lies across the belt in the San Juan re g ion. The ore deposits 
in this area of anomalously low indium content are in the 
Tertiary San Juan volcanics, whereas the deposits in the more 
indium-rich areas on either si de are in older, mostly sedimen-
tary rooks. This phenomenon is discussed further on, in 
connection with tin, which has a similar d istribution. 
An apparent association of indium with tin has been noted 
by several workers (Borovick and Prokopenko, 1939; Brewer and 
Baker, 1936; Fleisnher and Harder, 1946). A compari son of 
plates 2 and 5 indicates that there are very few deposits of 
ohalcopyrite that are indium-rich and tin-p oor, but that there 
are ma ny deposits that are tin-rich and indium-poor. This 
suggests another unilateral association similar to those of 
antimony with silver and uranium with cobalt, but not vice-
versa. 
Manganese 
No attempt has been made to evaluate quantitatively the 
geographic distribution of manganese in chalcopyrite for t wo 
reasons: (1) mu ch of the mangane se could readily have come 
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from the wall rocks of the deposits; and (2) the behavior of 
manganese in chalcopyrite generally is erratic. Both these 
difficulties doubtless stem from the fact that manganese is 
somewhat more oxyphile than the other elemen t s here under 
consideration. Consequently , the number of factors that 
influence the concentrations of manganese, both in the solu-
tions and in the solid phases, are greatly increased. 
Molybdenum 
The molybdenum content of chalcopyrite, like mang anese, 
is very erratic in behavior within many mining districts . 
Consequently, it has not been poss ible to present even a semi-
quantitative picture of its geographic distribution. It can 
be seen from table 4, however, that the molybdenum content of 
chalcopyrite is greater along the Central belt in Arizona 
(plate 6) than in any other re g ion, except the one that in-
c l udes the two Colorado plateau uranium depo si ts (districts 
141 and 143). 
It is of interest to note that chalcopyrite from the 
molybdenite-rich Climax mine in Colorado and Childs-Aldwink le 
mine in Ar izona is not particularly molybdenum-rich (about 
10 ppm), whereas chalcopyrite from oth er, molybdenite-poor 
deposits may contain several hundred parts per million 
molybdenum. No logi cal explanation for t h is phenomenon has 
been forthcoming. Perhaps it is connected with some unusual 
paragenetic factors. 
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Nickel 
The geographic distribution of ni ckel in chalcopyrite, 
as shown in plate 3, ha s several features in common wi t h the 
distribution of cobalt, as mi ght be expected from the chemi-
cal similarities of the two metals, but there are some 
important differences. The two Colorado plateau uranium 
deposits (districts 141 and 143) are nickeliferous as well as 
cobaltiferous. The Friday mine at Julian, California (dis-
trict 52), is relatively richer in nickel than in cobalt. 
This may be an expression of the fact that this deposit is 
one of the few presumedl y magmatic segregation sulfide 
deposits in the Southwest. However, the continuation of a 
nickel-rich belt northwestward through district 51, a contact 
metamorphic deposit, indicates that the h i gh nickel content 
of the chalcopyrite from the Julian district is largely a 
reg ional feature, and that perhaps a local enrichment is 
sup erimposed upon it. 
The fork in the Western belt in northwestern Nevada is 
problematical , as is a similar feature in the distribution of 
cobalt. However, a specimen of chalcopyrite (N-122, district 
D, table 4) from the Stone mi ne , Pershing Count y , Nevada, the 
exact location of which is unknown, is nickeliferous and 
probably came from this west fork about midway between the 
junction with the Western belt and district 93. 
The no rtheast trend in the extreme southeastern part of 
Nevada also is problematical , mainly because it is not con-
sistent with the trends of the other trace elements. The 
deposit in district 131 that furnished the indications for 
-130-
this trend has been classed as a magmatic se grega tion deposit 
by Lindgren and Davy (1924). Hence it wo uld app ear that the 
nickel content of ch alcopyrite from some deposits of extreme 
type such as this perhaps should not be compared with the 
nickel content of hydrothermal ores that are associated with 
the interme d iate and more silicic i n trusive rocks. 
Silver 
The relatively c ommon occurrence and the great range in 
concentration of silver i n cha lcopyrite combine to produce 
a well defined g eo graph ic distribution, as shown in p late 4. 
However, because of the danger of contamination by silver-
bearing minerals, no attempt ha s been made to distinguish on 
the map the geographic distribution of silver contents in 
excess of 100 ppm. The area in central Nevada between dis-
tricts 99, 110, 125, and 130 on one side, and districts 103, 
113, and 129 on the other, for lack of information, is 
covered on the map wi th t he 30-100 ppm pattern. 
A feature of plate 4 that is of particular interest is 
the fairly direct relationship between t h e silver content of 
chalcopyrite and the reg ional productivity of silver (cf. 
pla te 13). There mi ght be mentioned in this connection the 
Comstock di strict (112) in western Nevada, several depos its 
in central and south-central Nevada, the Colorado mineral 
belt, and many deposits in Chihuahua, Durango, Zacatecas, Sa n 
Luis Potosi, etc. 
The difference in the silver content of ch alcopyrite from 
the t wo Colorado plateau urani um depo sits (districts 1 41 and 
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143) is of interest in connection with a possible relationship 
between the distribution of silver and of uranium. Thu s, 
although the present evidence is only suggestive, it is possi-
ble that the silver-rich belt on which district 143 is pre-
sumed to lie joins the Eastern belt in southwestern New Mexico. 
Such an interpretation is compa tible with the present knowledge 
of the associations and distribution of cobalt and of the 
distribution of uranium deposits*. 
Tin 
The existence of a very pronounced re g i onal d istribution 
of tin in chalcopyrite was recognized very early in the pre s-
ent studies, and hence more emphasis has been placed on the 
distribution of tin than on mo st of the other elements. In 
fact, the realization that tin , perhaps more than any other 
metal, is concentrated into certain reg ions of the earth 1 s 
crust has led to the use of its d istribution, as shown in plate 
5, as a mode l i n the construction of several of the maps in 
which the distr i bution is not so wel l defined . Conversely, 
the distribution of some other elements , notably silver, has 
been used to work out some of the details of the tin distri-
bution. For example, without knowledge of the silver distri -
bution, it would have been about as reasonable to continue 
the Western belt for tin southward west of district 52. 
~}oecently specimens of very rich pitchblende ore, presumably 
from Chihuahua, have been acquired by some American mineral 
collectors. 
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One of the more remarkable features of the tin di stri-
bution in plate 5 is the continuity of the Central belt. This 
is in contrast to the Ea stern belt, which is very strongly 
expressed along most of the Colorado minera l belt , but which 
apparently does not continue t hrough s outhern New Mexico. 
However, the tin deposits of the Taylor Creek distri ct, New 
Mexico, about 60 mile s north of district 83, may be signif i-
cant in conne ction with the southwa rd extension of the tin-
rich belt from Colorado. 
In the San Juan region of southwe stern Colorado, the 
Eastern tin belt is practically severed by a tin-poor area. 
A similar feature occurs in the heart of the Wes t ern belt in 
north-central Nevada (district 98). Although the ca u se for 
this phenomenon is not known, the fact that all the deposits 
that exhibit this anomaly occur in thick piles of tuffaceous 
volcanic rocks perhaps is si gnificant. It is possible that 
the h i gher oxidizing environment of these rocks promo tes the 
early separation of tin from the sulfide-bearing solutions 
and the fixation of it in cassiterite. This tentative 
explanation gains plausibility from the similar behavior of 
ind ium, an element that, because of chemical similarities to 
tin, would b e expected to react to t he pos t ulated conditions 
in a similar manner. 
Tin exhibits a well defined g eo graph ic distribution not 
only as a trace element in chalcopyrite and sphalerite, but 
as economically important deposits as wel l. This distribution 
of tin has been known for many years, and the problems 
connected with it have been summarized recently by Go l d schm i d t 
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(1954, pp. 92-93) as follows: 
"A difficult problem in the geochemistry of tin 
is the question, whether or not tin is distributed 
evenly in corresponding rocks of different regions 
of the globe. The data ava ila ble seem to indicate that 
there are i mportant re g i ona l variations. It was ob-
served long a go , and p robably even known to p rehistoric 
man, that an obviously re g ional concentration existed, 
but the avera g e amount of tin in ordinary ma gma tic rocks 
seems also to show re g i onal variations ." "The scarcity 
of tin deposits in t h e enormou s reg ion stretching from 
the northern Urals to near the North American west 
coast is certainly not due to the absence of such 
magmatic rocks a s are commonly followed by tin deposits 
in 't in reg ions'. 
Tin is not the only metal whi ch is subjected to 
such re gional concentrations and deficiencies. Tung-
sten in this respect is very closely associated wi th 
tin in the same type of deposits . Molybdenum also is 
subject to reg ional variati ons, but these seem to be 
independent of those of tin and tung sten or even recip-
rocal to them, as in Norway, where tin and tungsten are 
practically absent while workable molybdenum deposit s 
are found associated with granites of very different 
geological a ges from early Precambrian to Permian. 
The absence of worka b le tin deposits in larg e 
reg ions of the earth, which are also characterized 
by the scarcity of even small amounts of tin minerals, 
seems also to be followed by a scarcity of tin as a 
'trace element' as indicated by spectroscopic obser-
vations on magmatic rocks . 
The problem then arises, Is this unquestionable 
difference in the abundance of tin (and tung sten or 
mo lybdenum) in various reg ions of the globe due to 
reg i onal differences in t h e efficiency of t h e p rocesses 
that concentrate tin in such rocks as granites?" 
The positiveness of Goldschmidt ' s statements concerning 
the re g i onal distribution of tin , tungsten, and molybdenum 
are of considera b le interest, as well as somewhat puzzling, 
for practically nowhere else in the discussion of t he geo-
chemistry of the elements is there a sugg estion that similar 
relationships mi ght exist with respect to the other elements . 
In fact, in mo st of the discussions in the literature 
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concerning the crustal abundance of the elements, the assump-
tion is implicit that earth materials from relatively small 
reg ions of the g lobe are representative of the who le. 
The reciprocal relation of molybdenum to tin and tung-
sten that Go ldschmidt sugges ts is not supported by the present 
studies, at least not on the trace element level. A ma jority 
of the molybdenum-bearing chalcopyrite deposits, as well as 
the more important molybdenite deposits, occur within or very 
close to the tin belts as they are defined in plate 5 . In 
fact, tin has been a byproduct in the recovery of molybdenum 
at the Climax mine in Co lorado (district 62) . 
Combined Metal Content of Chalcopyrite 
A comparison of the map s in p lates 1 - 5 reveals a close 
relationship between the positions and trends of the belts of 
greater t han avera g e trace element content. This relationship 
is si gnificant, for it implies a fairly high degree of 
correlation in occurrence a mong the metals, at least among 
the five meta ls represented . In order that these distribu-
tional relationships mi ght be more rea di ly visua li zed , the 
district average cobalt, indium, nick el, silver, and tin 
contents of chalcopyrite have been combined as the logarithms 
of their products, and the distribution of the quantitie s thus 
obtained are shown in plate 6. The reason for combining the 
individual metal contents in this manner is to reduce the 
effect of unusually hi gh concentrations of a par ticular meta l 
that otherwise would d on inate the comb ined me tal content. 
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Before proceeding to a detailed discussion of p late 6, 
it should be emphasized that the belts shown represent an 
a ggre gate effec t. If the maps of any t wo of the constituent 
elements are superimposed, it will be seen t hat in many places 
the axes of the individual belts do not coincide, whereas in 
other places, such as in central Arizona , most of the belts 
very nearly coincide. Th is means that although the degree of 
correlation in occurrence between the five metals is fairly 
high , it is by no means perfect. If another group of metals 
had been combined in similar fashion, the axes of the aggregate 
belts doubt less wou l d not exactly coincide with those shown in 
p late 6, although t hey would be essentially parallel in trend. 
However , the significant fact demonst r ated in plate 6 is that 
the belts of the five metals individually overlap to such an 
extent that their agg r egate effect results in a very well 
defined geographic distribution of the combined metal content 
of chalcopyrite . 
Although the distribution of trace element s in chalco-
pyri te is unknown in the re g ion of central Mexico south of the 
southern end of the patterned area in plate 6, the distribution 
of metalliferous deposits suggests that the continuation of the 
belt shown would be mainly in a south-southeasterly d irection. 
Also from the di stribution of metalliferous deposits, there is 
a very va gue sugg estion that the Western belt eventua lly joins 
this main belt , perhaps in the re g ion of the state of 
Queretaro. North of this hypothetical junction, the main belt 
trends northwes t ward through San Luis Potosi and thence west-
ward into Zacatecas . In Zacatecas the main belt branches; 
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one branch belt continues westward and the other turns north-
westward. In the vicinity of the j unction, each of the five 
metals makes a significant contribution to the combined metal 
content. In the northeastern branch, cobalt, nickel, and 
silver are the main contributors, and indium and tin a re 
relatively unimportant. On the other hand, indium, silver and 
tin are most i mportant in the southwestern branch, and cobalt 
and nickel are practically lacking . 
The northeastern branch, characterized by cobalt, nickel, 
and silver , continues north-northwestward as the Eastern belt 
into so uthwestern New Mex ico, thence north-northeastward and 
northward through New Mexico into southwestern Colorado. In 
southwestern Colorado, the Ea stern belt change s course again 
to the northeast, along the Colorado mineral belt . However, 
the comb ined metal content of the chalcopyrite of the Eastern 
belt in Colorado is no longer characterized by cobalt, nickel, 
and silver, but by indium, silver, and tin; t he same assem-
blage as the one that characterizes the southwestern branch 
in Zacatecas . 
This southwestern branch, whi ch becomes the Central belt 
in the United States, co urses first westward throu gh Durango, 
thence northwestward through Sinaloa and northward through 
Sonora into southeastern Arizona. Thence , through a weak 
connection, the Centra l belt continues northwestward through 
central Arizona and westward into Nevada and California, 
whence it veers back northeastward and continues into north-
western Utah. The charac ter of this belt remains much the 
same from Zacatecas to south-central Nevada. From Nevada 
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northeastward, the indium content decreases and is cornpensated 
by an increase in nickel and, to a less extent, c obalt . The 
tin, as well as the silver, persists , however , and becomes the 
characteristic feature of the Cent ral belt . 
The extension of the Western belt southward from southern 
Arizona is conjectural. Presumably it is the belt that joins 
the main belt in Queretaro , and it very likely is silver-rich . 
The combined metal content of chalcopyrite in the Western belt 
in southern ~rizona consists larg ely of cobalt, silver, and 
tin. Nickel also b ec om es important in so u thern California. 
In central Ca liforn ia, the Western belt branches, but the main 
branch, to which the name Western belt is still applied, con-
tinues northeastward through Nevada . The western b r anch, 
characterized by silver and tin, courses northward into 
northern California. 
The Geographic Distribution of Trace Elements in Sphalerite 
The g eograph ic distribution of trace elements g e n erally 
is not as well defined in sphalerite as in chalcopyrite, hence, 
sphalerite is not as suitable a g eographic indicator as is 
chalcopyrite. The pr incipal reason for the med iocrity of 
sphalerite in this respect is that tin, the mainstay of the 
trace element distribution in chalcopyrite, is somewhat 
erratic in behavior in sphalerite. Moreover, cadmium, which 
in sphalerite should be the counterpar t of tin f rom the stand-
po int of uni f ormity of content wi thin each d istrict, is not 
very suitable as a geo gra phic indicator because the tota l 
rang e in its concentra tions is only a b out tenfold, not great 
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enough to produce a well defined g eographic distribution in 
many large reg ions. In view of these disadvantages, less 
emphasis is p laced on s phalerite as an indicator of the geo-
graphic distribution of trace elements than is placed on 
chalcopyrite. 
~ntimonyI Arsenic, and Bismuth 
The behavior of antimony , arsenic, and bismuth in sphal-
erite is very much the same as in chalcopyrite. Therefore, 
the discussions of the ge o graph ic distribution of these 
elements in chalcopyrite are equally app licab le to sphalerite. 
Cadmium 
An attempt was made to represent the geographic distri-
bution of cadmi um in s phalerite on a map , but it was abandoned 
because a great deal of uncertainty arose as to the signifi-
cance of the s mall differences in c adm i um content among mining 
districts throughout large areas. This uncertainty is a 
consequence of the small total r ange in the cadmium content of 
sphalerite t h roughout the Southwest . However, in some re g i ons 
wher e the range in cadm i um content of s phalerite is from about 
1000 to 10,000 ppm, such as in southern Arizona and south-
we stern New Mexico, the distribution is well defined and is 
consistent wi th the trend s in the distribution of t he other 
trace elements. On t h e other hand , in Nevada and in mos t of 
northern Mexico, the total range in cadmium content is so small 
that no definite distribution can be discerned. This g enerally 
uniform behavio r of cadmium in sphalerite is interpreted as an 
ind ication t ha t wha tever the processes may be that concentra te 
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and/or disperse the elements in the earth's crust, they cannot 
effectively separate nor can they distinguish cadmium from the 
chemically very similar zinc. 
Cobalt 
The geographic distribution of cobalt in s phalerite, as 
shown in p late 7, resembles in several respects the distribu-
tion of cobalt in chalcopyrite, although there are some i m-
portant differences. With respect to similarities, the East-
ern belt in Mexico is particularly noteworthy . There are also 
similarities in the Western belt in southe rn Arizona, central 
Nevada, and presumably in California . In g eneral, however, 
the differences are more noteworthy than the similarities. 
The near lack of cobalt in chalcopyrite from the Central belt 
in Arizona is in contrast to the well developed belt in the 
cobalt content of sphalerite. Similarly , in New Mexico and 
Colorado, chalcopyrite g ives little indication of the exist-
ence of an Eastern belt, whereas sphalerite exhibits two 
cobalt belts in New Mexico and a p ronounced thou gh somewhat 
irregular distribution in Colorado. There is an indication 
of a northeast as we ll as a nor thwe st trend in the cobalt 
content of sphalerite in Co lorado, but the data are not 
absolutely conclusive. 
Gallium 
The ga llium content of sphalerite has a fairly well 
defined g eo g raph ic distr ibution , as shown in p late 8 , but 
there are some complicat ing local irregularities . Some of 
these irregularities conceivabl y mi ght be due to contamination 
-140-
by ga llium- bearing aluminou s wa ll rocks, but the ma gnitude of 
such an effe c t probably would be small. ~he relatively high 
concentrations of gallium in sphalerite from the Central belt 
in Utah and the Western belt in Neva da are espe cially note-
worthy. There is a gain a strong i ndica tion of a northvves t 
trending belt .in Colorado, whe r ea s there is little i nd ication 
of a no rtheast trend pa rallel to the Colorado miner a l belt. 
Ge r manium 
Th e mo st striking features of the geogra phic distribution 
of ger manium in spha leri te shown in p late 9 are the relatively 
hi gh concentrations in t he Central and Western b elts i n Nevada 
and the g eneral scarcity e l sewhere in the Southwe s t . This is 
i n contrast to the general abundance of germa nium i n sphalerite 
throughout much of the Mississipp i Va lley re g i on . The sphal-
erite depo s its in the Western belt in central and northeastern 
Nevada are of particular interest as po tential commercial 
source s of germanium. The determin ing factor in t his respect, 
of co urse , wo uld be the amount of s pha lerite in t he dep osi ts . 
Indium 
A unique fe ature of the geo graphi c di stribution of indium 
in spha ler ite (plate 10) is t he fork in the Cent r a l belt in 
s outhern Nevada. The c a u se for t his anomalou s fea t ure i s no t 
apparent. I t stands in strong contrast to the d istribution of 
i nd i um in chalcopyrite, for chalcopyrite from t h is reg i on i s 
practically free of i ndium . 
There is aga i n a strong indication of a north-northwest 
trend in the Eastern belt i n Colorado , a l though the no r theast 
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trend of the Colorado mi n eral belt also is exp ressed. The 
Eastern belt in Yew Mexico is evident in the i n dium content 
of sphalerite, whereas ind ium is absent from the chalcopyrite 
of this re gion. 
In cha lcopyrite there app ears to be a definite association 
of indium with tin; i.e., indium-rich ch alcopyrite also gener-
ally is tin-rich. No such relationship exists between i nd i um 
a nd tin in sphalerite from t h e Southwest, for there are many 
indium-bearing sphalerite samples that are not tin-bearin g . 
Manganese and Molybdenum 
Althou gh the avera g e manganese content of sphalerite is 
several times that of chalcopyrite, the characteristics of its 
behavior in the g eo graphic sense are very similar in the t wo 
minerals. Hence the generalizations concerning the g eo graphic 
distribution of manganese in chalcopyr ite are equally appli-
cable to sphalerite. Similarly, the behavior of mo lybdenum 
in sphalerite is essentially the same as in chalcopyrite , 
except for a slightly l ower avera ge concentration in sphalerite. 
Nickel 
Generally the nickel c ontent of sphalerite is not great 
enou gh to reveal a well defined g eog raphic distribution by 
itself. However, an examination of table 5 indicates that 
most of the slightly nickeliferous sphalerite occurs within the 
belts defined by the nickel content of chalcopyrite (plate 3). 
Hence , if the sphalerite from a district is nickeliferous, the 
chalcopyrite from that district also is likely to be nickel-
iferous. This is in a g r e ement with t h e finding s of Gavel in 
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and Ga b rielson (1947), that nick el, cobal t , and manganese 
generally do not bear reciprocal relationships among the 
sulfide minerals from the same hand specimen. Furthermore, 
this is true not only for nickel, cobalt, and manganese, but 
for silver, t i n, and other elements as well. 
Silver 
The g eo graphic distribution of silver in sphalerite 
(plate 11) is very similar to the distribution of silver in 
chalcopyrite (plate 4), although generally it is more irreg-
ular. These irregularities result in a distribution pattern 
in Colorado that, in addition to being unusual, suggests that 
the silver-rich belt that coincides with the northeastern part 
of the Colorado mineral belt branches southwestward into two 
belts. The southeastern branch p resumably extends southward 
as the Eastern belt into New Mexico. The northwestern branch 
continues southwestward along the Colorado mineral belt, 
perhaps into northeastern Arizona where it presumably turns 
back southeastward and joins the Eastern belt a gain in south-
western New Mexico. 
The g enetic si gnificance of the great width of the West-
ern belt in Nevada is not clear, but its economic significance 
is well attested by the amount of silver that has been pro-
duced from this re g ion. Also, the dist ributional relation-
ships of silver in s phalerite in western Chihuahua, northeast-
ern Sonora, and southeastern Arizona are not clear, and the 
interpretations indicated in plate 11 should be regarded as 
tentative. 
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Thallium 
Thallium occurs in sphalerite from only four of the 
minin g districts samp led in this study (districts 68, 104 , 
10 6, and 140), and therefore little can be sai d concerning 
its g eo gra phic distribution. However, all the t hallium-
bearing sphalerit e analyzed also is germanium-bearing , and 
inasmuch as germani um is no t a common trace constituent of 
sphalerite in t he So uthwest, the as sociation s ugge sts that 
perhaps the geo gra phi c distribution of t hallium is closely 
relate d to that of germanium. 
Tin 
The erratic behavio r of the tin content of s pha lerite 
within several of t he mining districts, and even within a 
single crystal, already h as been discussed, and is cited her e 
as the main reason why no attemp t has been made to rep resent 
cartographically the g e ographic distribution of tin in sphal-
eri te. Despite the erratic behavior, h owever, most of t h e 
s pha lerite samp les that contain a ppreciable amounts of tin 
are from the tin~rich belts sh own in p late 5. Moreover, the 
indica tions of a geographi c distribution of tin in s phaleri te 
are strong enou gh to enable Warren and Thomp son (1945, 
fi gure 1) to out line a tin belt in British Columbia . 
Combined Metal Content of Sphalerite 
The g eo graphic di stribut ion of t he combined metal content 
of s phalerite is shown in plate 12. The component elements 
are cobalt, gallium, ge r manium, indium, and silver, and t h ese 
are combined to form t he log p roduct concentra ti on in t he 
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manner described for the corresponding combined metal content 
of chalcopyrite. In view of the many irregularities in the 
distribution of the component metals, it is somewhat s urpris-
ing that as consistent a distribution as shown in plate 12 was 
obtained. 
The essential features of the distribution of the com-
bined metal content of sphalerite are very similar to those 
of the corresponding distribution for chalcopyrite. That is, 
there are three main belts, the Eastern, Central, and Western 
belts, and a subsidiary west branch of the Western belt in 
California. However, beca u se the g eo graphic covera g e of 
sphalerite samples is not as great as for chalcopyrite samp les, 
the features and inter-relationships of each of the belts are 
not as well known. 
Cobalt and silver are the main contributors to the Eastern 
belt in north-central Mexico and in New Iviexico, although in the 
latter p lace indium becomes increasingly imp ortant. All the 
elements except germanium are i mportant in the Eas t ern belt in 
Colorado, where, i n contrast to chalcopyrite, the main trend 
a pp ears to be northwesterly. Again all b ut germa n ium are 
i mp ortant contributors to the Central belt from s outh of the 
International boundary to the Nevada border. From southern 
Nevada northeastward, germanium i s an i mportant contributor 
and cobalt becomes unimportant. In t h e p ortion of the Western 
belt t hat is k nown, only indium is relati v ely unimportant. 
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A Comparison of the Combined Metal Contents of 
Chalcopyrite and Sphalerite 
A compa rison of the g eographic distribution of the com-
bined metal contents of ch alcopyrite and sphalerite reveals 
striking general similarities . Throu ghout t he Southwest, 
exclusive of Co lorado, the belts define d by the combined metal 
~ontents in the two minerals either are essentially coincident 
or closely parallel . The significance of t h is e mp irical 
relationship seems to be that the seven metals r epre sented in 
t he two maps , and probab l y the sulfophile metal s in g eneral, 
are very closely relate d in the sulfide ore deposits of the 
Southwest . 
Although the trends of the Central and Western belts in 
Nevada are essentially parallel for both minera ls, the axes 
of the belts for chalcopyri te lie about 50 miles northwest of 
the corresponding axes for sphalerite. In Colorado, on the 
other hand, there appears to be an intersection of the Eastern 
belts for the two minerals. The Eastern belt for chalcopyrite 
is very nearly parallel to the northeast trending Colorado 
mineral belt, whereas the Eastern belt for sphalerite appears 
to cross the Colorado mineral belt with a northwesterly trend, 
although a weak northeast trend along the mi nera l belt also 
is evident . 
The pr inc ipa 1 reason why the belts do not everyi.ivhere 
coincide is that the pos itions of the belts for each of the 
component metals are not exactly the same, and of the seven 
metal s that are represented on the t wo maps only three are 
common to both. The be lts of the remaining fo ur elements, 
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two in each mineral, are sufficiently different in their 
positions , then, to cause a sh ift in the positions of the 
belts for the combined metal contents . However, h ad t h e fo ur 
elements, or a certain combination of pairs, been chemically 
similar, the evidence suggests that the belts of combined 
metal contents i n the t wo minerals would have been nearly 
coincident . For examp le, the belt s for the two chemically 
similar elements, gallium and germanium (plates 8 and 9) are 
essentially coincident, whereas the belts for chemically dis-
similar elements, s u ch as nickel and tin (plates 3 and 5) are 
far from coincident. 
It is po ssible that a relationship s uch as this is largely 
responsible for the irregular di stribution of indium in sphal-
eri te ( p late 10) , for in some respects i ndium is similar to 
gallium and in others it is similar to tin. Thus , in regions 
where the belts of tin and gal lium do not coincide, as in 
southern Nevada, the distribution of indium mi ght tend to 
resemble that of tin in one area and to resemble that of 
gallium in another. 
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METALLOGRAPHIC PROVINCES 
The fore going discussion has been concerned with the 
geographic di stribution of trace elements in two primary 
sulfide minerals, chalcopyrite and sphalerite. Considered 
from a more general point of view, the metals that have been 
.investi gated also are trace elements in the ore deposits and 
i n the earth's crust, and as s uch are no different in most 
essential respects from the other metals, such as copper, 
gold, lead, tung sten, and zinc, which also are trace elements 
in the earth's crust. Hence , it mi ght be expected that what-
ever processes have operated to produce a geographic distribu-
tion of one chemically heterog eneous group of sulfophile 
elements, very p roba b ly have produced a similar g eo graphic 
distribution of another group of sulfophile elements . That 
such a relationship exists between the two g roups of meta ls 
is demonstrated by silver, which is a member of both. 
Thus silver as a trace element in chalcopyrite and 
sphalerite has been shown to pos sess a well defined g eographic 
distribution; and a comparison of plates 4 and 11 wi th plate 
1P-:~I which shows the distribution of ore deposits in which 
silver is an i mpor tant constituent of the ores, reveals that 
all the important silver producing districts lie within the 
belts defined in plates 4 and 11. Therefore, the distribution 
of silver as an economically i mportant constituent of the ores 
is consistent with the distribution of silver as a trace 
constituent of t wo sulfide minerals. Furthermore, inasmu ch 
*Plates 13 - 17 were adapted from map s made by Dr. J. A. Noble 
in 1954. 
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a s the distribution of silver is consistent with t h e distribu-
tion of all the other trace elements investigated, there is 
g ood reason to expect that the g eneral distribution of the 
~ulfophile elements also would be consistent with the distri-
bution of these trace elements. 
A further comparison of plate 13 with plates 4 and 11, 
and with plates 6 and 12, reveals that the silver deposits are 
not uniformly distribu ted along the belts defined by the trace 
element distribution, but tend to be concentrated in greatly 
attenuated elliptical areas, the long axes of which coincide 
with the axes of the belts. This phenomenon is analogous to 
the variations observed in the concentrations of a particular 
trace element along the axes of the belts, or to t h e resulting 
changes in the re l ative imp ortance of that element along the 
belts of the combined metal contents. However, the higher 
concentrations of silver as a trace element in chalcopyrite 
and sphalerite generally extend for greater distances along 
the belts than do the corresponding silver-rich deposits. 
Therefore , there might be a distinction between the meta llo-
graphic province in the trace element sense and the metallo-
g raphic province in the economic or production sense, although 
the trace element province includes the economic or production 
province . 
Unfortunately, copper, g old, lead, tung sten, and zinc 
cannot be treated in a manner similar to silver, because no 
data are available for them as trace elements in the sulfide 
mi nerals of the Sou thwest. However, by analogy with such 
chemically diverse elements as cobalt, gallium, germanium, 
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indium, nickel, and tin, all of whi ch bea r a consistent dis-
tributional relationship to silver, there is good reason to 
expect t h at the distribution of depo sits of copper, gold , 
lead, tun g sten, and zinc also would be consistent with the 
distribution of silver deposits. 
Thu s, all of the major copper deposits, as well as a 
majority of the minor ones, can be seen in p late 14 to lie 
within belts that are consistent in trend and p osition wi th 
the b elts defined by the trace element distribution, especially 
the comb ined metal c ontent of chalcopyrite (plate 6). Further-
more, copp er metallographic p rovinces can be defined within 
t h ese b elts. For example, t wo and poss ibly three copper 
meta llographi c provinces occur within the Central belt; one 
that is centered in Arizona, but wh ich extends southward into 
Sonora; another that extends from eastern Nevada into north-
central Utah; and, by extrapo lation, possibly a third that 
includes Butte, Montana. There are two clearly recognizable 
copper me tallogra phic p rovinces in the Western be lt and its 
we stern subsidiary branch. One prov i n ce includes the we stern 
branch in California and a d jacent parts of the main Western 
belt in Nevada. Thi s p rovince might extend northeastward 
across Nevada to t he Idaho boundary , although it is wea k ly 
developed throughout mo st of its length in Nevada. The other 
lies in southern Arizona and adjacent parts of Sonora. The 
Ea stern belt contains only one prom inent copper province . 
This extends northwestward t h rough southwester n New Mexico 
into eas tern Arizona, where it disa ppea rs beneath the volcanic 
rocks of the Colorado p lateau. In addition , a very weakly 
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developed copper province appears to be centered in central 
Colora do and to extend northward into Wyoming . Al thou gh this 
province is relatively insignificant from the standpoint of 
copp er p roduction , it i s of especial i mportance here because 
it does not a pp ear to reflect the northeast tren d of the 
Co lorado minera l belt. 
The distri bu tion of gold deposits (plate 15 ) is even 
better defined than t he distribution of copper deposits, de-
spite the comp lications introduced by unusual economic factors. 
In g eneral, the distribution of gold deposits mo st closely 
resembles t he distribution of silver as a trace element in 
chalcopyrite and s phalerite (plates 4 and 11), and consequently 
reflects the distribution of silver depos its as well {plate 
13). However, the g old metallographi c p rovin ces do not neces-
sarily coincide with the silver me tallo graphic provinces. For 
example , the most prominent g old province extends along the 
Western belt from southern Ca lifornia to northern Nevada , and 
northwestward along the we stern s ubsidiary branch in northern 
Ca lifornia as far as s outhe r n Ore gon. Perhaps t h e sec ond most 
prominent g old p rovince is the one t h at lies in the Eastern 
belt in central and southwestern Colorado . Gold, unlike 
copper, strong l y reflects the Colorado mineral belt; but like 
copp er, it also reflects a north-south trend through Colorado. 
~ld also differs from copper in the relative weakness of the 
gold meta llographic prov i n ces in the Centr al belt. A weakly 
developed gold province lies in northwestern Utah and p erhaps 
extends into southeastern Nevada, bu t p robably it does not 
jo in t he Arizona g old p rovince . It is po ssible t hat a third 
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very weakly developed g old province in the Central belt is 
centered in the vicinity of Butte, Montana, if extrapolation 
of the central belt northward from Utah is warranted . The 
reg ional relationship s of the gold deposits of the Black Hills, 
South Dakota , are not yet clearly understood. 
The distribution of lea d dep osits in the wes tern United 
States ( p late 1 6) most closely resembles the distribution of 
the combined metal content of sphalerite (plate 12 ) . The 
economically mo st imp ortant lead metallogra phic p rovince in the 
Cordi lleran re g ion extends from northern Idah o northward into 
Briti sh Columbia. The belt i n which this province lies is 
largely conjectural, but from the work of 1.Varren and Thompson 
(19 45), together with extrapolations from the present work , it 
is suggested that the three main belts t hat are distingu ished 
i n the Southwest join in Idaho and Montana to form a sing le 
major belt that trends generally northwestward through the 
reg ion included in this lead p rovince. 
In the southwestern United States, lea d metal l o graphic 
p rovinces occur in all three of the main belts, but t he 
province in the Western belt t h at extends from eastern Cali -
fornia into northeastern Nevada is relative ly unimportant 
economically. In the Central belt there are two lead 
provinces . One extends from northwestern Arizona northwest -
ward into Nevada and thence northeastward into northern Ut a h, 
and the other extend s from south eastern Ari zona southward for 
an unlmown di stance into Sonora. The lead deposits i n the 
Eastern belt in New Mexico probab l y belong to the sa me prov-
ince as the lead deposi ts i n Colorado. lforeover, this lead 
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metallographic province doubtless extends southward through 
Chihuahua into Durango and probably somewhat farther. 
Inasmuch as there are only about 25 zin c deposits in t h e 
western United States, as shown in plate 17, it is difficult 
to define zinc metallographic p rovinces with much assurance, 
.although it is clear that nearly all the zinc deposits lie 
within t h e three main belts, particularly t hose defined by the 
combined metal content of spha lerite (plate 12 ) . It is p ossi-
ble that there are only three imp ortant zinc metallographic 
provinces in the western United States. One s uch province 
appears to extend from the vicinity of Butte , Montana, north-
westward into northern.most Idaho and southern British Columbia; 
a second extends along the Central belt from north-central 
Utah to southern Arizona and perhaps into Sonora; and a t h ird 
lies in the Eastern belt and apparently extends from Colorado 
southward through New Mexico into Chihuahua. A noteworthy 
feature of plate 17 is the relatively rare occurrence of zinc 
deposits in the Western belt. In this respect, the dis tri-
bution of zinc dep osits resembles that of lead d ep osits, b ut 
is in contrast to the d istribution of tung sten deposits, wh ich 
is next to be described . 
The distribut ion of tungsten d eposits in the western 
United States is shown in plate 18, the data for which were 
obtained largely from Kerr (1946, fi gures 2 - 4, and p late 1 ) . 
Kerr (pp . 3 - 10 and fi gure 1 ) reco gnizes three "tung sten 
arcs" in t h e we stern United States t hat are defined by the 
distribution of tungsten dep osits and known occurrences of 
tung sten minerals. A comparison of p lat e 1 8 and Kerr's 
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figure 1 with plates 6 and 12 indicates that the three 
"tungsten arcs 11 correspond v ery closely with the t h ree belt s 
defi n ed i n this study. 
Doubtle ss the most prominent tung sten me tallogra phic 
province in the western United States lies in the Western 
belt ( Kerr 1 s "western arc"), and extend s from southern Ca li-
fornia into northern Ne vada. Second in imp ortance are the 
·much s maller p rovinces in the Central belt (Kerr 1 s "central 
arc 11 ). One of these s maller tungsten province s lies in south-
ern Arizona and certainly extends into Sonora . A second very 
small p rovince, whi ch actually may be a northwest extension of 
the southern Arizona province, lies in western Arizona and 
adjacent parts of California . A t h ird province in t he Central 
belt extends northeastward through southea stern Nevada. A 
single tung sten-rich district in Co lora do , the Boulder tung-
sten district, justifies the recognition of a weak tungsten 
province in the Ea stern belt (Kerr's "eastern arc 11 ) that 
extends northeast-southwest along the Col orado mineral belt. 
In g eneral, the d istribution of tungsten deposits most closely 
res embles the distrib ution of t h e combine d metal con tent of 
chalcopyrite. 
From a consideration of the fore going features, i t is 
concluded t hat there is a defini t e and consist ent relation ship 
between the distribution of some of the metals, as i mportant 
constituents of ore deposits , and the distribution of the same 
or similar me tals as trace elements in the sulfide mi n erals, 
chalcopyrite and spha l erite. Furthermore, and more specifi-
cally, this relationship consists in the repea ted occurrence 
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of three main belts in the Southwest t h at, although not every-
where coincident for each of the meta ls, are nevertheless 
generally closely parallel in trend . However , within each of 
these three main belts, the d istribution of metalliferous 
depo sits is not uniform, and this non- un iformity has given 
rise to what are here ca lled me tallographic p rovinces. The 
metallog raphic provinces thus defined are to be distinguished , 
on t h e other hand, from t he metallogenic provinces, the nature 
of which will be discussed in the following section. 
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METALLOGENIC PROVI NCES 
The term meta llog enic province was defined in the intro-
duction as a region of the earth that is characterized by a 
g reater than avera g e concentra tion of a particular metal or 
assembla g e of metals, and in which the metalliferous deposits 
possess certain g enetic relationships . This definition differs 
from that for a metallographic p rovince only in the additional 
stipulation of a ge~etic relationship, but unless this rela-
tionship can be found, metallog enic provinces are indefinable. 
It was shown in the p receding section that in the South-
west the metallographic provinces occur within belts that are 
consistent in trend and position with belt s defined by great er 
than avera g e concentrations of trace elements in chalcopyrite 
a nd s pha lerite. This close relationship indicates that the 
concentration into belts of commercial quantities of metals 
such as copper , gold, silver, etc. , on the one hand, and of 
trace elements such as cobalt, silver, tin, etc., on the other, 
are essentially the same phenomenon. Therefore, if metallo-
genic province s of trace elements are definable, then metallo-
geni c provinces in t he g eneral sense also are definable. 
The existence of a genetic relationship among the ore 
deposits within each of the belts is evident from the very 
nature of the belts themselves. Thu s, throughout the known 
leng th of the Central belt, the chalcopyrite is characterized 
by a g reater than ave ra g e tin content, whereas on either side 
of this belt the chalcopyrite is very deficient in tin . Th is 
phenomenon cannot log ically be attributed to the wall rocks 
-156-
or to a particular typ e of associated intrusive rock , for the 
same types of wall rocks and intrusive rocks occur both within 
and ou tside the belts. Nor c an this phenomenon be attributed 
to any process or combination of p rocesses t h at is pecu liar to 
one metallogenic ep och, for at least four metallo g en ic epochs, 
from Precambrian to late Tertiary, are rep resented in the ore 
deposits within the Central belt. 
In view of these facts, and of t he fact t h at the b elts 
extend over very g reat distances, the mo st lo g ical conclu sion 
would appear t o be that the belts are of deep seated ori g in, 
p erhap s in the sub-crust and/or outer parts of the mantle. 
This vi ew has been co nc isely summarized by Spurr (19 23, 
p. 444), as follows: 
11The phenomenon on which I have just touched, of 
metallographi c p rov inces characterizing certain zones, 
belts , limi t ed areas, or even spots on the earth, and 
that independently in large measure of t he d istribution 
of granites, diorites, or diabases, rhyolites, andesites, 
or basalts (although closely associat ed i n general with 
belts of i gneous activity and crustal disturbance) , can 
hardly be explained excep t by postulating a highly 
individualiged distribution of the metals i n that 
portion of the earth beneath or at t he base of those 
rocks which are exposed to our view by erosion, or 
beneath what we conveniently though perhap s inaccurately 
term t h e crust. 11 
If it is assumed that t h e cause or causes for the belt-
like distribution of metals is deep-seated in orig in, then two 
alternatives occur. On the one hand, it might be p ostulat ed 
that through the controlling influence of some deep -seated 
feat ure that has existed throughout geologic time, a certain 
proces s or set of processes has operated within and throughout 
the belts during each metallogenic epoch to p roduce the 
observed distribution of the meta ls; whereas outside the be lts 
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this process or set of processes has not operated because the 
controlling deep~seated feature does not exist there. Such 
an hypothesis is not readily accep table because of the total 
obscurity concerning the nat ure of the "deep-seated controlling 
feature". 
On the other hand , perhaps it is po ssible that t h e deep-
seated ca use for the beltlike distribution of t h e metals is 
a beltlike comp ositional heterogeneity i n the source materials 
of the ores that has existed since early in the history of the 
earth. Accordingly, the ores derived from these so urce mate-
rials wou ld reflect their nature regardless of the metallo-
genic epoch in which a pa rticular deposit was f ormed. Of 
course, in order to explain the origin of the heterogeneity, 
it is necessary to p ostulate that at s ome sta ge in the early 
h istory of the earth certain processes operated within belt-
like regions to concentra te a me tal or assemblage of metals, 
and did not operat e , at least not to as great an extent, out-
side the beltlik e reg ions . The i mportant a dvanta ge of t h is 
hypo thesis is t ha t it does not n e cessitate the recurrence 
within a belt of the same process or set of proces s es at 
several widely sepa rated intervals of geologic time; nor is 
the "deep-seated controlling feat ure" any longer an eni gma. 
Although the hypothesi s of beltlik e compositiona l hetero-
geneities in t he source materials is favored here, it is not 
essential for the establishment of rnetallogenic provin ces, fo r 
whether t he ca uses are compositi ona l heterogene ities or proc-
esses cont rolled by a deep-seated fea t ure of unknown na t ure , 
t he ore dep osits within a particular belt are genetically 
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rela ted throu gh the process that caused the beltlike dis tri-
bution. 
Thus, the southwestern United States and northern Mexico 
contain at least three main metallogeni c provinces, each of 
which corresponds to one of the three main belts defined by 
the distribution of trace elements in t he sulfides. In addi-
tion, there are some more or less minor metallogenic provinces, 
s uch as the west branch of the Western belt in California . 
Also, the mercury metallographic province that extends from 
San Luis Obispo County, California, nor t hward into Oregon 
very likely is a m.etallogenic p rovince, as well, althou gh no 
data are available to substantiate this. Similarly, there is 
a suggestion of another mer cury metallo graphic ~nd meta llo-
genic?) province that extends from the Big Bend reg ion of 
Texas southward as far as the state of San Luis Potosi. 
Each of the three meta llogenic provinces (belts) can be 
distingu ished, as a whole, by the predominant metals produced 
from it. Thus , the Western belt can be referred to as the 
Gold-silver-copper province, the Central belt as t he Copper-
silver-gold province, and the Eastern belt as t he Silver-gold-
copper provinc e. A d istinction such as this suggests a crude 
zonal arrang ement of the meta ls. For example, the Central 
metallogenic belt is dis tinctive for its high copper content, 
whereas the two go ld-rich provinces lie on either side in the 
Western and Eastern metallogenic provinces. However , lead and 
zinc appear to be less abundant in the Western belt, whereas 
tung sten is more abundant in the Western belt than in the 
other t wo belts. 
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It is not known to what extent the relationship s just 
described are real or the result of over-generalization; the 
evidence indicates that t h ey are real. However, it is p robab l e 
that feat ures such as the zonal arrangement are fortuitous and 
merely reflect over-all similarities on the o n e hand , and 
differences on the other, of the p rocesses of concentration 
in the source materials i n each of the metallogenic provinces. 
Thus, it seems that the metallogenic provinces are long, 
serpentinous, beltlike features in the earth's crust that, 
here and there along their trends, contain abnormally high 
concentrations of certain metals or groups of metals, the 
metallographic- provinces. Furthermore, each of the main 
metallogenic p rovinces is a composite of several metallogenic 
provinces, each of which is characterized by a single metal 
or a group of chemically(?) similar metals. Consequently, 
within each main metallog enic province or belt there are 
deposits that perhaps are not genetically related , but all 
deposits that are geneticall y related lie within the province. 
For example, t he Central metallogenic p r ovince is a beltlike 
province perhap s as wide as the Central belts i n plates 6 a n d 
12 combined , b u t the Central tin metallogenic province is a 
belt like province approximately as defined in plate 5. 
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Tli""E ~bbqAiildbkfC PROVINCES I N RELATION 
TO OTHER GEOLOGIC FEATURES 
In speaking of the "Great Silver Channel", which he 
visualized as a very narrow, long , straight s ilver metallo-
graphic province, Spurr (1923, p. 463) says: 
"Along this line in North and South America occur 
most of the celebrated silver mines in the world, like 
t he Comstock, Tonopah, Santa Eulalia, Guanajuato, Pachuca, 
Cerro de Pasco, and Po tosi. This wonderf ul strai ght line 
slashes clean across mountain range s and other geolog ic 
structures, and continues its course i ndependent of t h em. 
This is shown in Nevada, where it cuts at an angle of 
nearly 45° across the trend of the north -south-trending 
desert ranges. In Wexico, it shows an utter disregard 
of the main geolog ic features and mountain chains --
starting in northern Sonora we st of the main range, or 
Sierra Madre, it cuts diagonally across this on to the 
central Mexican Plateau, with its shor t desert rang es; 
and in the south of Mexico, its unswerving course 
carries it back across the Sierra Madre a gain, for this 
range curves much like the west coast line." 
In addition to the "Great Silver Channel", Spurr recog-
nized several other shorter channels, some of which are nearly 
at right ang les to the "Great Silver Channel". These feat ures 
led him (p. 483) to postulate: 
"The da ta wh ich I have above outlined are, of 
course, sketchy, but do indicate the existence in 
North America of t wo sets of intersecting strai ght 
belts or channels of silver (with other metals ) , 
running respectively northeast and nor t hwest. These 
channels correspond r ude ly in trend to the skeletal 
geometrical fra me work of the continent; and the major 
channel, which is of world proportions , parallels 
rudely the eastern side of the Pacific." 
"Here, then, is a discovery of pr i me scient i fic 
and commercial i mpo rtance. Thi s channel system is 
marked by a continuity or rather a chain system (like 
beads on a wire) of consanguineous magma occurrences 
and also consangu ineous ore occurrences. In part --
in large part -- both magma and ore chain s have no 
evident relatio n to the major belts of folding and 
faulting of the rocks, and therefore appear to belong 
to a zone below the zone of surface wrinkling and 
break ing ." 
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A comparison of Spurr's data (figure 74, p . 459, and 
fi gure 75, p. 460) with plates 1 - 12 of the present paper, 
especially p lates 6 and 12, reveals that the deposits that 
Spurr visualized as constituting a single metallogr aphic belt 
or "channel" actually occur in three different metallogenic 
provinces that are by no mean s s traight lines. Furthermore, 
instead of t wo sets of belts, one trending northwest and the 
other northeast, there appears to be only one set that has 
variable trends. 
The purpo se of pointing out these discrepancie s is not 
so much to emphasize the disa greement, but to indicate that 
Spurr's conclusion of the i ndependence of the me tallographic 
belts from other major geologic features may not be valid, i f 
the me tallogenic belts actually have the forms shown in plates 
6 and 12 instead of the oversimplified straight lines that 
Spurr has drawn. In fact, a comparison of these latter maps 
with the Tectonic Map of the United States, which is reproduced 
in part as p late 19, reveals some remarkably close relation-
sh ips between the meta llogenic belts and t he tectonic trends. 
Thu s, northward from north-central Mexico, where a strong 
east-west tectonic trend is reflected in an east-west trend in 
t he metal logenic belts, the Central and Eastern metallogeni c 
belts trend very nearly parallel to the tectonic trends. The 
trends of the Western belt, however, do not appear to bear as 
close a relationship to the tectonic trends as do the Central 
and Eastern belts. For example, there app ears to be a consid-
erable divergence in t he two trend axes in southwestern 
Arizona. Furthermore, although there is a gene ral parallelism 
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of trends in southern Calif ornia, northward the trend s a gain 
diverge, so that the Western belt appears to bear a cross-
cutting relationship to the axis of elongation of the Sierra 
Nevada batholith. However, in view of the branch ing nature 
of the Western belt in this part of California, the divergence 
in trends mi ght be more apparent than real. Northeastward 
through Nevada there is a weak but discernible tectonic belt 
that is closely parallel in trend to the Western metallogenic 
belt. 
Another feature of the Western metallogenic belt in the 
United States which serves to distinguish it from the Central 
and Eastern belts is its association with exposed batholithic 
i n trusives. In the north it assuredly passes through the 
heart of the Idaho batholith. Southwestward through Nevada 
it is associated with granitic intrusives that probably are 
related to the Sierra Nevada batholith (Ferguson , 1944) . The 
association with Sierra Nevada type intrusives persists south-
ward throu gh California; and in southern Calif ornia the Western 
metallo genic belt trends dia gonally across the northern 
exposed part of the Southern California batholith. This 
relationship may be more significant in view of the statement 
by Larsen , et al. (1954) that the three batholiths just men-
tioned are essentially of the same age (approximately 105 
million years) . 
There is an indication, then, that the main extension of 
the Sierra Nevada batholith mi ght be northeastward through 
Nevada, perhap s to a junction with the Idaho batholith, and 
that the northwest trend into northern California is merely 
-163-
a branch, analogous to t he branch in the Nestern metallogenic 
belt . An interpretation such as this wo uld provide not only 
a more consistent tectonic p icture and relationship to the 
metallogenic provinces, but would be compatible wi th the 
po sition of the boundary between the so-called "Paleozoic-
Mesozoic- Cenozoic 't orog enic belt and t he 11 Cretaceous-Cenozoic" 
orogenic belt very near the eastern marg in of the Western 
metallogenic belt, as proposed by Eardley ( 1951, plate 1). 
However, in view of the age relations that recently have been 
indicated, the distinction between "Mesozoic" (Nevadian?) and 
"Cretaceous" mi ght not be significant. 
Billingsley and Locke ( 1941) also have discussed app arent 
relationships between the distribution of some of the more 
important mining districts of the western United States and 
various structural features. Their fi gure 13 ( pp . 52-53), 
wh ich presents these relationship s in the "continental frame-
work", is reproduced in part as plate 20. In general, there 
is fairly g ood a greement between the trends and positions of 
several of the "orogenic belts 11 shown by Billing sley and Locke 
and the metallogenic belts defined here. This is pa rticularly 
true of the be lts in New Mexico, southern Arizona, central 
Nevada, and Utah. However, the present work, as we ll as the 
informa tion available on the Tectonic Map (plate 19), which 
was published subsequent to Billing sley and Locke's work, does 
not indicate the existence of the "'J'ialker line 11 which the 
latter authors visualize as extendi n g northwestward through 
southwestern Nevada. Instead, t h e so-called "Walker line" in 
Ar izona ac t ually appears to bend around the we stern margin of 
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the Colorado plateau and to continue north-northeastwa rd 
through Utah as Billingsley and Locke's rrEarly Tertiaryrr 
orogenic belt . 
The uncertainty connected with the ex istence of the 
rrwa l ker line'' in Nevada leads to further uncertainties con-
cern ing the sign ificance of rr ••• superimp osed orogenic move-
ments or of inters ecting lines of successive mo tion, or of 
persistent deep seated breaks ••• rr (1941, p . 58) i n determi n ing 
t he l oci of the "clusters" of "ore deposits of upper magni -
tudes", for there are no "upper ma gnitude" ore deposits near 
the intersect.ion of the •rertiary orogenic belt and the 11Vt/alker 
line" in southern Nevada or northwestern Arizona. Further-
more, it is doubtful that many mining distri cts could be found 
in the North American Cordillera that woul d not possess one or 
more of the three determining features required by Billingsley 
and Locke. 
Despite these objections, however, many of the orogenic 
belts established by Billingsley and Locke doubtless are real 
and are of considera b le importance in connection with t h e 
metallogenic belts . In fact, some of the trend line s, taken 
in conjunction with the mor e prominent of those shown on the 
Tectonic Map (plate 19 ) , lead to interesting spe culation on 
the extensions of the metallogenic belts defined in the present 
study. For example, the west branch of t h e Western belt in 
Ca lifornia mi ght be extended northw·ard into Oregon and thence 
northeastward across Oregon to a junction wi th the main belt 
in I daho. Furthermore , the Western belt appears to jo in the 
Central belt in central Idaho to form the "Ma in belt". This 
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relationship also is suggested from a cons ideration of the 
distribution of the ore deposits alone. 
Billingsley and Locke (1941) distinguish three orog enic 
epo chs in the western u nited States since the Precambrian . The 
earliest of these epochs, the 11final Paleozoic", characterizes 
the orogenic belt in Oregon (the west branch of the Western 
belt ?) . The orog enic belt that corresponds to the Western 
metallogenic belt is presumed to be early Cretaceous, and the 
youngest orogenic belt, which corresponds to the Centra l belt, 
is supposed to be early Tertiary. Although these a ge distinc-
tions may be valid for the orogenic belts , they have little or 
no si gnificance with respect to the metallogenic p rovinces, 
for there are as many as fo ur different epo chs of mineraliza -
tion represented within any one of the orogenic belts . 
In view of the evidence that is presented in pla tes 19 
and 20, and in plates 1 - 12, it is concluded that a generally 
close relationship exists between the trends of the major tec-
tonic features and the trends of the metallog enic provi nces 
(belts), as they are here defined . However , there does not 
appear to be any relationship between t he a ges of t h e orogenic 
belts and the a g es of the ore deposits that occur within them . 
For examp l e , three or four different periods of mineralization 
are represented in the ore deposits in the Tertiary orogenic 
belt of central Arizona. Al so, in the "early Creta ceous" 
oro genic belt in central Nevada (the Western meta llogenic 
belt ) there are both early and late Tertiary deposits . These 
relationships suggest that although the ore deposits and the 
reg ional tectonic or orogenic features are closely related in 
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origin, as shown by the close parallelism of the tectonic or 
orogenic belts and the metallogenic belts, neither is the cause 
or the effect of t he other, but both the gross tectonic fea-
tures and the metallogenic provinces are the effect of some 
mor e fundamental cause. Further, this more fundamenta l cause 
probabl y is not the postulated deep-seated compositional 
heterogeneities alone, but a comb ination of compositional 
heterogeneities and closely associated physical discontinui-
ties, both of which may have arisen during the s ame events 
of early earth history. 
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THE I MPORTANCE OF METALLOGENI C PROVI 1'!CES I N EXPLORATI ON 
Th e concepts of metallogenic provinces and metallographic 
provinces ?re of the utmost importance in t he exploration for 
new ore deposits and mining districts provided t hese provinces 
can be defined with some assurance . Once defined, the metal-
logenic provinces provide valuable information concerning the 
most probable reg ions of the earth in which to search I'or 
i mportant ore deposits , whereas a knowledge of the metallo-
gra phic provinces is of value in determining t h e parts of t h e 
metallogenic provinces that are most likely to contain impor-
tant deposits of a particular metal or assembla ge of metals . 
As an illustration of these princi ples , l et it be assumed 
that the search is for a large silver-rich deposit in the 
southwestern United States. An examination of plates 4 and 11 
indicates the metallogenic provinces in which there are higher 
than a verage concentrations of silver, and p late 13 indicates 
in which parts of these metallogenic provinces silver reaches 
its highest concentrations. These latter areas , the silver 
metallographic provinces, then, hold the most promise for the 
discovery of an important silver deposit . 
Another i mportant application of the results of the 
present investi gations is in the enlargement of existing 
metallographic provinces. For example, the central Arizona 
copper province is likely to be enlarged, not to the northeast 
or to the southwest, but along the Central metallogenic belt to 
the northwest or to the south, especially to the south. This 
conclusion also has statistical support , for 19 of the 21 
major copper producing districts of the Southwest lie along 
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the belts defined by the combined metal content of chalco-
pyrite (plate 6) , even thou gh the metallogenic p rovinces thus 
defined are r~garded as only close a pproximations to the true 
copper meta llog enic provinces. 
However , the greatest significance of the results of the 
p resent investi gations p erhaps is not so much in the direct 
applicat ion to individual p roblems of exploration, as it is 
in the establishment of a fo undation for t h e attack on these 
individual problems and the p ointing of a way to their solu-
tions. In other words, the present investigations are re-
garded as a necessary fi rs t st ep toward an understandi n g of 
the factors involved i n t he distribution and behavior of the 
more sulfophile elements in the earth's crust. 
A log ical se c ond step toward t his understanding wo uld be 
an investigat i on of the relationshi p s, if any exist , between 
the d istribution of certain trace elements in the p rimary 
sulfide minera ls and the i r distribution in the i gne ous rocks 
and miner als of the same reg ion. This should be a c companied 
by a more comprehensive investigation of oth er primary sulfide 
mi n erals , inc l u d ing pyrite a nd galena , in add ition to chalco-
pyrite and sphalerite. 
A third asp ect o f this g e neral p roblem t ha t is mo re 
directly a pp licable to t h e p roblems of exploration is a 
detailed investi gation of the relationsh i p s a mong t h e trace 
element contents of the sulfides , the fresh wall rocks, a n d 
the altered wall rocks in some well dev eloped major mining 
districts , as well as in some mi nor districts. It is k nown 
from the p resent inve sti ga tion s, f or examp l e , t ha t s mall but 
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detectable differences in the trace element con tent of sphal-
erite exist between ore b odies or gro up s of ore bodies in 
certain large districts , such a s t he Park City d istrict, Utah; 
and detailed studies of these va riations in the ore minerals , 
the altered wall rocks, and the unaltered rock s ma y o rovide 
means not only of locating centers of minera lization , but 
pe rha ps ultimately of assessing the i mp ortance of newly di s-
covered areas of alteration. 
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CONC LUSIONS 
The main objectives of these i nvestigations h ave been 
to determine whe ther metallogenic provi nces , as they are here 
defined, exist, and t o desc r ibe so~e of the e ssential features 
of these prov i n ces in t he event their existen c e can be shown . 
. The p resent a pproach to these p roblems is ba sed on the hypoth-
esis that one of the mo r e obvio u s ways in which ore deposits 
mi ght be related is through common or related souraes, and 
that the nature of the s ource mi ght be reflected i n t he 
p rimary ores that are derived from it. Hence, a detai le d 
investi gation was made of the tra ce element composition of 
t wo primary sulfide minerals, ch alcopyrite a n d sphaler i te , 
wi th t h e purpose of discovering any reg iona l differences that 
mi ght exist in t h eir trac e element conte nt. 
The invest iga t ion of the cause s for an erratic behavior 
of certain trace elements in t h e s phalerite fro~ several 
mining districts led to an exa minatio n of the variations in 
trace element content within sing le cry stals of s phalerit e 
and chalcopyrite. The uniform cadmium content of a larg e sing le 
c rystal of sphalerite (HAN-20) tentatively is attributed to the 
associa tion of ca dmi um with zinc i n the fluids prior to 
deposition of the cry stal. The va r ia tions in the cobalt , man-
ga n ese, and silver contents of this crystal tentative l y are 
attributed to variations i n t he composition of t he fluids; and 
t h e erratic behavior of tin perhaps is related to t h e occurrence 
of numerou s cavities a nd i n clu sions in the larg e cry stal. Bo t h 
of the ch alcopyrite crystals studied (NY-4 and MEX-35 ) contain 
indium and silver, and throughout both cry stals the amounts of 
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the two elements rema in nearly constant . The behavior of tin 
in one of the crystals ( MEX-35 ) is somewhat erratic, perhaps 
owing to the contamina tion of the two tin- bearin g samples b y 
surface tarnish. 
It is sugg ested tha t the trace element content of differ-
ent parts of a larg e single crystal perhaps is more variable 
than the trace element content of an equiva lent mass of finer 
grained replacement typ e chalcopyrite or s phalerite, owing to 
the more varied conditions of crystallization of large 
crystals in open spaces. A tentative conclusion drawn from 
the sing le crystal studies is that the general level in trace 
element content of a sulfide mineral is dependent largely upon 
the composition of the fl u ids from which the mineral crystal-
lized, and that g enera lly the physical cond itions of tempera -
ture and p ressure and the nature of the wall rock s have minor 
but perhaps mea s u rable effects. 
There does not appear to be any one fundamenta l principle 
t ha t will reasonably explain the observed distribution of trace 
elements a mong the four minerals, pyrite, sphalerite, ch alco-
pyrite, and galena, particularly between ch alcopyrite and 
s phalerite. The distribution of some of t he elements appears 
to be best exp lain e d on the basis of relationship s among t h e 
relevant atomic, covalent , a n d ionic r a d ii. For the di stribu-
tion of other e lements , an association of the chemically 
similar elements in t he fluids pr ior to dep osition, as we ll 
as progressive changes in t he composition of the fluids during 
deposit ion, appears to be a more satisfacto r y exp lanation. 
F or still other elements, notably cobalt, gallium, g ermanium, 
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indium, and manganese , the distribution bet ween sphalerite and 
chalcopyrite can be explained on the basis of presumed differ-
ences in the degree of ionic versus covalent and metallic 
character of the metal-sulfur bonds in the t wo miner a ls. It 
is concluded that t he factors that govern t h e d istribution of 
. trace elements a mong the sulfides are very co~plexI and that 
the observed distribution g enerally is the res ult of the inter-
action of perhaps severa l of these factors . 
An incomp lete review of the literature indicates t ha t 
there is not g eneral agreement concerning the relationship 
between the trace element content of sulfides, esp ecially 
sphalerite, and the temperature type of deposit . The general 
lack of agreement p robably is a con sequence of the fact that 
the metallogenic p r ovince in which the minera l occurs is the 
principal factor in determining the general trace element 
content . Furthermore, it is very difficult to determine 
precisely the temperature category in which a par ticular ore 
deposit belong s . 
Although it is apparent mere l y f r om an inspection of the 
data (tables 4 and 5 ) that a definite g eogra phic distribution 
of some trace elements in chalcopyrite and sphalerite exists, 
the data have been analyzed sta ti stically for the purpose of 
testing t h is deduction. It is concluded from t he statistical 
ana lysis that there is no g ood reason to doub t the existence 
of a def inite g eographic distribut ion of some of the trace 
elements i n chalcopyrite and sphale rite. 
The most i mportant feature of the g eographic distribu tion 
of the trace elements in these two minerals is the occ urrence 
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of three main belts of greater t h an avera g e trace element 
content, here called the Eastern, Central, and Western belts. 
These belts generally are consistent in trend for all the 
metals investigated, and are either coincident or closely 
parallel in pos ition. The three belts a ppear to branch from 
a main belt or "trunk" in central Mexico, to exist more or 
less independently in northern Mexico and the southvrnstern 
United States , and to join again in the northwestern United 
States , in Idaho and Montana. 
The significance of these belts becomes more a pparent 
when it is realized that all t he important silver dep osits, 
and most of the unimportant ones , lie within the belts defined 
by the distribution of silver as a trace element in chalco-
pyri te and sphalerite. Furthermore , the deposits of other 
metals , such as copp er, gold , lead, zinc , and tung sten, als o 
are distributed in belts that are consistent in trend and 
position with the be lts defined by the trace element content 
of chalcopyrite and sphalerite. The belt s defined by the 
trace element content of the sulfides contain the metallo-
graphic provinces in the trace elenent sense, and here and 
there along them are abnormally high concentrations of a 
particular metal or group of metals that constitute the 
metallographic provinces in t h e production or economic sense. 
The orig in of the beltlike features is not known. They 
doubtless are very old features that have p ersisted t h rou ghout 
known geolog ic time. The facts that they are independent of 
time, that they are i ndependent of the type of wall or intru-
sive rocks, and that they extend over vast distances indicate 
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that the beltlike distribution of the metals is of deep- seated 
origin, perhaps in the sub- crust or outer p arts of t he mantle. 
Furthermore, the p ersistence of one metal throughout nearly 
the entire length of a belt, such as the persistence of tin in 
t he Central belt, indicates that the deposits within the belt 
are genetically related, perhaps through a compositionally 
h eterog eneous source reg ion, the configuration of which also 
is beltlike . It is su ggested, then , that the belts defined 
by the g eo graphic distribution of the metals are the metallo-
genic provinces; and that they probably owe their orig in to 
deep- seated comp os i tional heterogeneities in the source re g ions 
of the ores and merely reflect these heterogeneities. 
Contrary to the beliefs of Spurr (1923) , the metallogeni c 
provinces or belts actually are fa i rly closely related, espe-
cially in trend, to the major tectonic features, as shown by 
a comparison of plates 1 - 12 with the Tectonic Map of the 
United States (plate 19) . There is also a fairly close 
relationship between these metal log enic belts and the "orogeni c 
belts" defined by Billing sley and Locke (1941) and shown in 
plate 20. There is, in g eneral, no specific relationship 
between any of the metallogenic belts and a particular type of 
rock, either i gneous, meta morphic , or sedimentary, although 
the Western metallog enic province in the United States is more 
closel y associated with batholithic rock s than are the other 
p rovinces . 
The direct applicability of this knowledg e of metallo-
genic provinces to problems of exploration consists mainly in 
the elimination from intensive prospecting of large re g ions 
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that are shown here to be relatively barren . In a ddition, the 
metallogenic provinces defined here indicate in which direc-
tion existing metallographic p rovinces are likely to be 
enlarg ed. 
However , the chief value of the results of the present 
work is in the establishment of a foundation upon whi ch 
further work of a similar nature can be based. Thu s it is 
proposed that the igneous rocks and minerals of the same 
reg ion should be studied in similar fashion to ascertain if 
a relationship exists between the trace element content of 
these rocks and the sulfide ores . Further, once the re g ional 
distribution of trace elements in the minerals, rocks, and 
ores is known, a firm basis is p rovided for comparative 
studies of the individual mining districts . 
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